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ABSTRACT 

A survey has been made of the literature on weather modification 
experiments carried out in several countries on a scientific basis, 
An attempt has been made to bring out the pertinent meteorological 
variables that were found most useful in conducting and evaluating 
the experiments for particular types of cloud systems and for the 
particular regions concerned. Emphasis has been placed on specifying 
the meteorological observations required as input data for computer 
models describing weather modification experiments, as it seems that 
future weather modification experiments will rely heavily upon nweri- 
cal models. Such judgment has been used to specify permissible error 
in the observations, as there is still no acceptable error criterion 
for numerical model input data. 

The chapters are organized by various weather systems, ranging 
from a stratus cloud to a hurricane, and discuss the techniques 
developed so far for modification of these weather systems. The 
observations required for successful modification of each of these 
systems, including those variables that determine the response to 
the system to modification treatments, have been identified. 

Each chapter concludes with one or more tables showing, on a 
priority basis, meteorological observations required for successfu.1 
modification of the systems considered in that chapter. Wherever 
possible, figures and tables from the concerned literature have 
been used for further exemplification. Observations on the meso- 
scale have been found to be the principal requirement for a majority 
of modification experiments. 

The facts that have emerged from the present study are: (1) cer- 
tain meteorological variables must be observed in all types of weather 
modification projects and spatial resolution requirements do not vary 
greatly with the objective; (2) the observations required are, in 
general, those required for accurate forecasting of the meteorologicai 
phenomena being treated except that increased emphasis must be placed 
upon condensation and ice nuclei and the composition of clouds; ( 3 )  the 
requirements go far beyond what can be achieved with existing networks 
in terms of spacing and frequency of observations. 

The exact manner in which the various required observed observaticns 
will be acquired or how the vast amount of resultant data will be handled 
are points that are beyond the scope of this report, but it appears t B & t  
new types of sensors and the most modern data-processing equipment will 
be required if costs are to be kept within reason. 
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1. INTRODUCTION 

Purpose of Report 

This repor t  has been prepared a s  par t  of a three-year research 
pro jec t  t o  i den t i fy  possible matches between t h e  meteorological 
observations required i n  fu tu r e  weather modification programs and 
t h e  sensors and data  handling equipment developed i n  t h i s  country's 
space program. An e a r l i e r  repor t t  under t he  contract  summarized the 
wide va r i e ty  of sensors avai lable  and gave a b r i e f  descr ipt ion of 
each of t he  various types,  This repor t  w i l l  be l imi ted t o  a descrip- 
t i o n  of t he  meteorological observations required f o r  fu tu re  weather 
modification programs. No consideration i s  given t o  t h e  d i f f i c u l t y  
of securing a given observation; ra ther ,  an attempt i s  made t o  
i den t i fy  those atmospheric parameters whose measurement would be 
valuable i n  t he  planning, conduct and evaluation of weather 
modification projects .  

1.2 His to r ica l  Review 

An overview of t h e  h i s to ry  of weather modification i s  given i n  
Fig. 1.1 The s c i e n t i f i c  e r a  of weather modification i s  usual ly  
considered t o  date from Schaefer's experiments of 1946, i n  which he 
dropped dry i c e  i n t o  supercooled clouds t o  produce a f a l l  of snow 
accompanied by d i ss ipa t ion  of par t  of t h e  cloud deck (4)". This 
was, i n  a sense, t h e  f i r s t  experimental confirmation of t he  hypoth- 
e s i s ,  advanced by Wegener (6 )  i n  1911 and elaborated by Bergeron (1) 
i n  1933, t h a t  i c e  c ry s t a l s  i n  supercooled clouds grow rap id ly  by 
sublimation t o  p rec ip i ta t ion  s ize .  Subsequently Vonnegut discovered 
t h a t  vaporization and subsequent quenching of s i l v e r  iodide i n  cold 
a i r  produces many c ry s t a l s  capable of act ing as i c e  nuclei  (5 ) ,  
Introduction of s i l v e r  iodide smoke i n to  na tura l  clouds produces 
marked e f f ec t s ,  including almost complete g lac ia t ion  of small clouds 
where t he  temperature i s  below -10 o r  -15C. 

Much of t h e  cloud seeding conducted i n  t h e  United S ta tes  and 
other countries during t h e  l a t e  1940's and 1950's was based on t he  
premise t h a t  t he  introduction of i c e  c ry s t a l s  i n t o  supercooled clouds 
and t h e i r  subsequent growth t o  snowflake s i z e  would lead t o  increases 
i n  r a i n f a l l  or  snowfall a t  t he  ground. Some thought was given t o  
dynamic e f f e c t s  associated with the  re lease  of l a t e n t  heat which 
necessar i ly  accompanies t he  f reezing of supercooled cloud water; 
indeed, one of t he  f i r s t  seeding experiments i n  Austra l ia  had given 
spectacular evidence of dynamic cloud growth produced by seeding. 

"References a r e  l i s t e d  at t h e  end of each chapter,  

t " ~  survey of NASA Meteorological Technology f o r  Application t 
Weather Modification Research and Operations" by by. W ,  Andersen (pawn 
Indus t r i es ,  Tnc . ) . Report 69-14. South Dakota School of Mines arid 
Teebolo=. F i r s t  Annual Report under NASA Grant NGL~~-001-004, 
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However, t h e  obse rva t iona l  and computat ional  f a c i l i t i e s  r equ i r ed  
t o  eva lua t e  t h i s  e f f e c t  p rope r ly  were beyond t h e  r each  of  most 
r e s e a r c h  groups and of con~mercial cloud seede r s  a t  t h a t  t ime.  

During t h e  1960's  t h e r e  w a s  a cons iderable  upsurge of a c t i v i t y  
i n  t h e  f i e l d  of weather modi f ica t ion  i n  t h e  United S t a t e s ,  s t imula ted  
i n  p a r t  by r e p o r t s  of succes s fu l  r a i n  s t i m u l a t i o n  and h a i l  suppres-. 
s i o n  a c t i v i t i e s  by s c i e n t i s t s  i n  t h e  Sovie t  Union and o t h e r  f o r e i g n  
coun t r i e s .  The r e sea rch  program of t h e  Nat iona l  Science Foundation 
and of  t h e  Departments of Comn~erce, Defense, and Agr i cu l tu re  con- 
t i nued  throughout t h e  decade, whi le  an ex tens ive  new program ( p r o j e c t  
Skywater) w a s  begun by t h e  U .  S. Bureau of Reclamation. A new approach 
t o  weather modi f ica t ion  was evidenced by a RAND Corporat ion r e p o r t  i n  
1362 which poin ted  ou t  t h a t  newly a v a i l a b l e  t o o l s ,  namely, weather 
s z t e l l i t e s  and high speed corcputers might s e rve  t o  make t r a c t a b l e  
problems which could not be solved p rev ious ly  ( 2 ) .  Fu r the r  evidence 
o f  new optimism wi th in  t h e  s c i e n t i f i c  community concerning weather 
mcd i f i ca t ion  was t h e  appearance i n  1366 of  a r e p o r t  by t h e  National 
Academy of Science - National  Research Council on t h e  p rospec t s  f o r  
weather mod i f i ca t ion  r e sea rch  and a p p l i c a t i o n  ( 3 ) .  It provided a 
u se fu l  review of t h e  s i t u a t i o n  t o  t h a t  d a t e  and suggested a r e a s  
r e q u i r i n q  f u r t h e r  i n v e s t i g a t i o n .  

1 . 3  Var i e ty  of Modif icat ion E f f e c t s  

It i s  now g e n e r a l l y  r e a l i z e d  by persons engaged i n  weather 
modi f ica t ion  experiments t h a t  t h e  systems being t r e a t e d  a r e  very  
complicated and involve  processes  on s e v e r a l  s i z e  s c a l e s  ranging 
from cloud microphysics t o  la rge-sca le  i n t e r a c t i o n s  of  convect ive 
cloud popul-ations wi th  t h e  genera l  c i r c u l a t i o n .  Many d i f f e r e n t  
responses  t o  modi f ica t ion  t rea tments  a r e  p o s s i b l e ,  depending upon 
t h e  clouds and t h e  modi f ica t ion  t r ea tmen t s  app l i ed .  It i s  not  
p o s s i b l e  t o  t r e a t  a l l  ca ses  i n  a long s e r i e s  of experiments a s  
though they  were drawn f r o n  a s i n ~ l e  popula t ion  u n l e s s  obse rva t ion  
shows t h a t  t h e  ca ses  were i n  f a c t  s i m i l a r  and t h e  seeding t r ea tmen t s  
were s tandard ized .  Evaluat ion of f i e l d  experiments wi th  c a r e f u l  
d a t a  s t r a t i f i c a t i o n  and experiments run  on conputers  show t h a t  
cloud seeding can produce both inc reases  and decreases  i n  p r e c i p i -  
t a t i o n  and can a f f e c t  h a i l ,  l i g h t n i n g ,  and wind a l s o .  

I n  t h e  above paragraph we have d iscussed  cloud seeding spec i f i - .  
c a l l y ,  a l though t h i s  i s  by no means t h e  only  weather modi f ica t ion  
technique  a v a i l a b l e .  Modif icat ion of t h e  e a r t h ' s  s u r f a c e  t o  a f f e c t  
i t s  r a d i a t i o n  ba lance ,  f o r  i n s t a n c e ,  by spreading b lack  powder over 
snow o r  i c e  f i e l d s ,  could produce s i g n i f i c a n t  modi f ica t ions  i n  l oe61  
weather cond i t i ons ,  a s  could t h e  d i s p e r s a l  of l a r g e  q u a n t i t i e s  of 
absorbent  o r  r e f l e c t i v e  a e r o s o l s  at s e l e c t e d  l e v e l s  w i t h i n  t h e  
atmosphere i t s e l f .  Because t h e  e f f e c t s  might be undes i r ab le ,  it 
would be p r e f e r a b l e  t o  l i m i t  such experiments i n i t i a l l y  t o  computer 
s imula t ion  s t u d i e s .  One can a l s o  v i s u a l i z e  computer s imula t ion  t o  



s tudy  i n  advance changes i n  l o c a l  clima,te produced by i n t r o d u c t i o n  
of i r r i g a t i o n  water  t o  a d e s e r t  v a l l e y  o r  by t h e  replacenient of a 
f o r e s t  by an urban developnent.  Kuch of t h e  weather modi f ica t ion  
r e s e a r c h  e f f o r t  of t h e  next  few decades may be devoted t o  such 
inadve r t en t  weather modi f ica t ion  e f f e c t s .  

1,4 Method of Approach 

Our gene ra l  approach has been t o  r c v i e ~ i  t h e  l i t e r a t u r e  on weather 
modi f ica t ion  experiments up t o  e a r l y  1970 wi th  a view t o  deterrr!ining 
t h e  ~ n e t e o r o l o g i c a l  v a r i a b l e s  t h a t  were measured o r  whose measurement 
was considered d e s i r a b l e  t o  conduct and eva lua t e  t h e  experiments.  I n  
some cases ,  t h e  meteoro logica l  observa t ions  r equ i r ed  can be considered 
as inpu t  d a t a  f o r  con~puter models d .escr ibing t h e  experiments. This  
approach i s  d e s i r a b l e  because t h e  nu:q..erical modelers have advanced 
f u r t h e r  t han  those  of  t h e i r  co l leagues  who have l i m i t e d  themselves t o  
f i e l d  p r o j e c t s  i n  de f in ing  t h e  types  and mount of i npu t  d a t a  r equ i r ed  
t o  p r e d i c t  t h e  outcome of an exper inent .  Iiowever, because of t h e  l a r g e  
co:nputer t ime r equ i r ed ,  it has not  been p o s s i b l e  t o  run  a l a r g e  num- 
be r  of experiments t o  determine e x a c t l y  t h e  e r r o r  accep tab le  i n  t h e  
inpu t  da t a .  Therefore s u b j e c t i v e  ju.dgri?eni; has  been used t o  s p e c i f y  
t h e  pe rmis s ib l e  e r r o r s  i n  t h e  observa t ions .  

The chap te r s  have been organized by va r ious  weather systems, 
ranging  i n  complexity from s t r a t u s  clouds t o  hu r r i canes  and d i s c u s s  
t h e  techniques  developed so f a r  and t h e  observa t ions  r equ i r ed  f o r  
succes s fu l  mod i f i ca t ion  of t h e s e  weather systems. The p r i n c i p a l  
n e t e o r o l o g i c a l  va , r iab les  a r e  presented  i n  t a b l e s  a t  t h e  end of each 
chapter  i n  o rde r  of p r i o r i t y  w i th  r e s p e c t  t o  needs f o r  mod i f i ca t ion  
of t h e  p a r t i c u l a r  weather systems a,lone wi th  d e s i r e d  obse rva t iona l  
f requency,  accuracy and spacing.  I n  prepar ing  t h e s e  t a b l e s ,  our  
s u b j e c t i v e  judgment has been used a,long wi th  t h e  sugges t ions  i n  t h e  
L i t e r a t u r e  concerning those  v a r i a b l e s  which determine t h e  response 
of t l e  system t o  modi f ica t ion  t rea tment .  

The t a k l e s  have t e e n  r e v i e ~ r e d  by personnel  of t h e  I n s t i t u t e  of 
At r~ospher ic  Sc iences ,  inc luding  R .  A. Schleusener ,  P. L. Smith, Jr., 
J e  11, R i rsch  and A.  ICoscielski, ~:ho along wi th  t h e  au tho r s  r ep re sen t  
a co~ib ined  t o t a l  of more than  50 y e a r s  of pe r sona l  experiences i n  
d i f f e r e n t  wea t l~e r  modi f ica t ion  experiments ,  and by Ii. D .  O r v i l l e  and 
3, J, l l u s i l  of t h e  I n s t i t u t e ' s  numerical modeling group. Thei r  com- 
ment- and sugges t ions  have been incorpora ted  t o  b r i n c  ou t  a u n i f i e d  
view on observa t ion  requirerpents f o r  d i f f e r e n t  modi f ica t ion  experi-  
ments on. t h e  v a r i o u s  weather s y s t e ~ s .  The p r i o r i t y  numbers a r e  s t i l l  
sorne~~hat  a r b i t r a r y  b u t  l i s t i n g s  by o t h e r  i n v e s t i g a t o r s  should not show 
difirerences of Inore than  one o r  two s t e p s  frorn t h o s e  given f o r  each 
vczriable. The f i g u r e s  on r equ i r ed  r e s o l u t i o n ,  accuracy and spacing 
a r e  a l s o  somewhat a r b i t r a r y  bu t  t hey  a r e  considered good w i t h i n  a 
f a c t o r  of two. 
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2. SEEDING OF STRATIFORPI CLOUD SYSTEMS 

Diss ipat ion of Fog and Low S t r a t u s  

2-1 .1  Supercooled Fog 

The most clear-cut  evidence of a r t i f i c i a l l y  induced changes i n  
clouds has been obtained i n  experiments on supercooled fog and s t r a t u s .  
I n  these  s t a b l e  and p e r s i s t e n t  cloud systems e f f e c t s  of seeding a r e  
l imi ted  t o  cloud micro2hysics and the  spread of seeding e f f e c t s  i s  
l imi ted  t o  t r anspor t  by the  wind and turbulent  d i f fus ion .  The small 
mounts  of l a t e n t  heat  re leased by a r t i f i c i a l  g l a c i a t i o n  induce 
l i t t l e  atmospheric motion due t o  t h e  s t a b l e  condit ions.  A s  t h e  winds 
and turbulence a r e  o f t en  l i g h t ,  seeding e f f e c t s  a r e  l imi ted  i n  c e r t a i n  
instances t o  d is tances  of only a few hundred meters f o r  an hour o r  
more a f t e r  seeding, so t h a t  conparisons between t h e  seeded por t ion of 
the  cloud deck and t h e  nearby unseeded por t ions  a r e  read i ly  made. It 
i s  t h i s  combination of circumstances t h a t  makes poss ib le  such experi- 
xent s a s  t h e  c u t t i n g  of f igures  i n  supercooled cloud decks ( ~ i g  . 2.1) .  

A number of techniques have been used t o  d i s s i p a t e  supercooled 
fog,  including s i l v e r  iodide  seeding and spraying l i q u i d  propane 
i n t o  t h e  a i r ,  but  t h e  dropping of dry i c e  p e l l e t s  from a i r c r a f t  
remains t h e  most commonly used technique (1). The effec t iveness  of 
t h e  5reatment decreases sonewhat a s  t h e  ambient temperature r i s e s ,  
but v i s i b i l i t y  improvements have been achieved with surface  tempera- 
-cures c lose  t o  OC 2.2).  

I n  the  conduct of a p a r t i c u l a r  opera t ion,  t h e  input  da ta  required  
inc lude  t h e  height of the  top  of t h e  fog l a y e r ,  t h e  temperature 
throughout t h e  fog l a y e r ,  and t h e  wind d i rec t ion  and speed at  enough 
points (perhaps 5 t o  1 0  i n  an a rea  10 km ac ross )  t o  def ine  the  r a t e  
et which f r e s h  fog would be advected over t h e  c leared area.  Know- 
ledge of t h e  wind speed would a l s o  a f f e c t  t h e  seeding pa t t e rns  t o  
be employed. Very l i g h t  winds and associa ted  lack of turbulent  
d i f fus ion  would necess i t a t e  spacings a s  low a s  a few hundred meters 
Setween dry i c e  drops. 

S c i e n t i s t s  i n  t h e  Soviet Union have conducted f i e l d  experiments 
i n  which supercooled s t r a t u s  clouds have been d i s s ipa ted  by dry i c e  
seeding with t h e  purpose of permit t ing sunl ight  t o  reach t h e  e a r t h 8 s  
surface. The add i t iona l  heating thus  produced can be considered a 
'beneficial  end r e s u l t  i n  a cold region and has t h e  add i t iona l  e f f e c t  
sf tending t o  break up temperature inversions near t h e  surface ,  thus  
~iding i n  t h e  d ispers ion of po l lu tan t s .  Information required  f o r  
the  conduct of such an experiment would include t h e  height of t h e  base 
acd t op  of t h e  supercooled cloud l a y e r ,  t h e  associa ted  temperatures, 
and a measure of the  wind a t  t h e  height of t h e  cloud l ayer .  



Fig. 2.1. Dissipation of supercooled clouds by seeding with dry ice - 
demonstrated in tests near Goose Bay, Labrador, conducted 
by U. S. Air Force Cambridge Research Laboratories ( 2  b , 
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Numerical modeling of t h e  d i s s i p a t i o n  of supercooled fog and 
s t r a t u s  i s  simple a s  t h e  conversion of supercooled water t o  i c e  
c r y s t a l s  i n  t h e  a f fec ted  cloud region i s  sudden and complete and 
t h e  spreading of t h e  e f f e c t s  i s  control led  by wind and turbulent  
d i f fus ion .  W p i r i c a l  d a t a  from l a r g e  numbers of experiments 
conducted by t h e  U, S. A i r  Force, commercial a i r l i n e s ,  and o the rs  
can be i n s e r t e d  i n t o  t h e  model t o  permit good es t imates  of how 
seeding e f f e c t s  w i l l  spread i n  a  given s i t u a t i o n .  

2.1.2 Warm Fog 

Warm fog d i s s i p a t i o n  techniques attempted i n  recent  years  have 
included heating and s t i r r i n g  t h e  a i r  by running up j e t  engines on 
t h e  ground, but  t h e  most commonly used technique i s  t h e  dropping 
of hygroscopic mate r i a l s  from a i r c r a f t .  The hygroscopic agent ,  fie- 
quently f i n e l y  powdered sodium chlor ide ,  s e t t l e s  toward t h e  ground 
c o l l e c t i n g  cloud d rop le t s  by g r a v i t a t i o n a l  coalescence. I n  a  t ~ ~ i -  
c a l  operat ion re lease  of severa l  hundred pounds of s a l t  at a  heigh$ 
of 300 t o  500 f e e t  i s  followed by an improvement i n  v i s i b i l i t y  a t  
t h e  ground 5 t o  20 minutes l a t e r  ( ~ i g .  2.31, 

Numerical models of t h e  warm-fog d i s s i p a t i o n  process have hem 
developed which d i f f e r  somewhat i n  t h e i r  d e t a i l s  (23 ) . Pr inc ipa l  
input  data  required  include t h e  l i q u i d  water content and drop s i z e  
spec t ra  i n  t h e  fog and t h e  s i z e  spectrum of t h e  seeding agent. IF. 
addi t ion ,  knowledge of t h e  l o c a l  wind f i e l d  i s  required  i n  actuaZ 
opera t ions  t o  allow f o r  d r i f t  of t h e  seeded volume toward t h e  region 
of i n t e r e s t ,  which i s  usua l ly  an a i r p o r t  runway, 

I n  addi t ion  t o  a b i l i t y  t o  determine ambient condit ions f o r  
con t ro l l ing  fog c lea r ing  operat ions,  it i s  important t o  monitor 
condit ions t o  v e r i f y  and con t ro l  such experiments. Ver i f i ca t ion  tc 
date  has usua l ly  been obtained with v i s u a l  observations o r  t r ans -  
missometers. Laser devices now being developed t o  monitor drople t  
s i z e s  and concentrat ions should provide considerable improvement 
i n  our a b i l i t y  t o  monitor fog c lea r ing  operat ions,  A s  many a s  a  
dozen such instruments could be p r o f i t a b l y  used a t  various loca t ions  
along and near an a i r p o r t  runway during an operat ion.  

StimuPation of P r e c i p i t a t i o n  i n  Orographic Clouds 

2 ,2 .1  Advantages of Seeding Orographic Clouds 

Supercooled s t r a t u s  clouds e x i s t i n g  over f l a t  country o f f e r  IE-::;F 
p o t e n t i a l  f o r  increased p r e c i p i t a t i o n  by cloud seeding. Complete 
deposit ion on t h e  ground of t h e  water contained i n  a  t y p i c a l  s t r a t a s  
l ayer  would r e s u l t  i n  only a  t r a c e  of p r e c i p i t a t i o n  being record& 
Only ac t ive  cloud systems i n  which f r e s h  water vapor i s  being con- 
densed o f f e r  much p o t e n t i a l  f o r  increases  i n  p r e c i p i t a t i o n ,  The 
s t r a t i f o r m  clouds formed by t h e  orographic l i f t i n g  of moist a i r  



Pig, 2 -3. An example of increase of v i s i b i l i t y  i n  warm fog by s a l t  
treatment (EIoyo River Valley, Cal i fornia  s i t e ) .  V i s i b i l i t y  
has increased i n  10 min t o  about 0.3 m i  from l e s s  than 0.1 m i  
a f t e r  th ree  runs of 503 l b  each. F i r s t  r e lease  was insuf- 
f i c i e n t  t o  remove appreciable water a t  t he  ground l e v e l  f o r  
any v i s i b i l i t y  improvement. A second re lease  apparently 
removed some of t he  remaining water i n  t he  fog so t h a t  a 
cumulative e f f ec t  i s  apparent (23 ) . 



masses over mountain b a r r i e r s  have t h i s  c h a r a c t e r i s t i c ,  so it i s  
not su rpr i s ing  t h a t  cloud seeding has been applied extensively t o  
orographic cloud systems. 

The combination of supercooled clouds i n  a f ixed  loca t ion  and 
orographic l i f t i n g  t o  ca r ry  s i l v e r  iodide  o r  o ther  a r t i f i c i a l  nuc- 
l e a n t s  i n t o  t h e  supercooled cloud regions made t h e  systems appear 
i d e a l  f o r  seeding by ground-based generators (3 ) . S i l v e r  iodide  
seeding from t h e  ground t o  increase  p r e c i p i t a t i o n  over t h e  mountains 
of t h e  western United. S t a t e s  began as e a r l y  as 1950. It w a s  upon 
the  b a s i s  of r a i n f a l l  anomalies associa ted  with these  p ro jec t s  that. 
t h e  Advisory Committee on Weather Control repor ted  i n  1957 t h a t  
seeding was associa ted  with apparent p r e c i p i t a t i o n  increases  of 1 0  
t o  15% i n  winter  storms i n  t h e  western United S t a t e s  (27) .  

It i s  convenient t o  d i s t ingu i sh  between purely orographic 
p r o j e c t s ,  i n  which mountains extend t o  temperatures colder than -5C, 
and semi-orographic p r o j e c t s ,  i n  which they do not.  I n  t h e  l a t t e r  
case,  orographic l i f t i n g  can carry  s i l v e r  iodide  c r y s t a l s  only pa r t  
way t o  t h e  region where they a r e  e f f e c t i v e ,  so some other  mechanisms 
must be r e l i e d  upon t o  complete t h e  process. Large numbers of both 
types of p r o j e c t s  have been conducted a l l  over t h e  world, including 
experiments i n  t h e  United S t a t e s ,  Mexico, Aus t ra l i a ,  France, and 
Israel.. However, it i s  only s ince  t h e  completion of some carefully. 
planned experiments i n  t h e  pas t  few years t h a t  condit ions governing 
success o r  f a i l u r e  f o r  t h e  purely orographic p r o j e c t s  have been 
c l e a r l y  defined.  

2.2.2 Purely Orographic S i tua t ions  

Perhaps t h e  most thoroughly documented experiment on orographic 
clouds i s  t h a t  conducted a t  Climax, Colorado by Colorado S t a t e  Univer- 
s i t y  (17) .  S i l v e r  iodide generators were operated upwind of t a r g e t  
areas  near t h e  Continental Divide. Modeling of t h e  a i r f low over t h e  
t a r g e t  and observations of snow within t h e  cloud by radar  aided i n  
generator  placement and i n t e r p r e t a t i o n  of r e s u l t s .  Detai led analyses 
of t h e  f i r s t  f i v e  years  of record suggested t h a t  snowfall increases 
were associa ted  with p a r t i c u l a r  temperatures i n  t h e  snow-producing 
cloud. This hy-pothesis has been confirmed by severa l  add i t iona l  
years  of experiment (18 1. 

The r e s u l t s  can be s t r a t i f i e d  i n  terms of t h e  temperature a t  
t h e  500-mb l e v e l ,  which i s  usual ly  within t h e  snow-producing cloud 
 able 2-1). The increases  i n  sno~,rfall  amount t o  over 100% f o r  
500-mb temperatures between -12C and -20C but f a l l  off  t o  zero at 
'both higher and lower temperatures, The r e s u l t s  can be given a p1a.a- 
s i b l e  explanation. Natural i c e  nucle i  a r e  scarce a t  temperatures 
above -20C, S i l v e r  iodide seeding increases  t h e  number of i c e  nuele i  
C ~ i g .  2.4 ) and hence of p r e c i p i t a t i o n  embryos provided t h e  temperature 



PERCENTAGE DIFFERENCE IN PRECIPITATION IN CLIMAX (TARGET), BETWEEN 

SEEDED AND NONSEEDED CASES AS A FUNCTION OF 500 mb 

(NEAR CLOUD TOP) TEMPERATURE 

Adjusted f o r  con t ro l ,  con t ro l  average of e igh t  storms, t a r g e t  

average two highest  e leva t ion  s t a t i o n s .  

( )*  number of cases  

- 39 
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Temp. 

( O C ,  Lowest 
Exp. ~ a ~ )  
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, 24 
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A v g . D i f f . T - A v @ ; . D i f f . C = O - ( - 1 2 . 3 % ) =  +12.3% 

- 21 

TABLE 2-1 

I n  some orographic s i t ua t i ons ,  temperature at  500 mb (near cloud t o p )  
could be a  good indicator  i n  s t r a t i f y i n g  t h e  s i tua t ions  f o r  which 
seeding would be most e f fec t ive .  The t a b l e  i l l u s t r a t e s  t he  seeding 
r e s u l t s  a t  Climax, Colorado, i n  terms of percentage di f ference of pre- 
c ip i t a t i on  between seeded and non-seeded cases s t r a t i f i e d  according t o  
500 mb temperature (T-target p rec ip i ta t ion ,  C-control p rec ip i ta t ion ,  
subscript  s-seeded, ns-not seeded). Seeding seems t o  be more e f f ec t i ve  
when t he  temperature i s  warmer than -20C (17) .  



i s  lower than about -12C, so seeding increases  t h e  snowfall a t  
temperatures between -12C and -25C. A t  some temperature around 
-25C t h e  concentrat ion of na tu ra l  i c e  c r y s t a l s  reaches t h e  optimum 
f o r  t h e  cloudwater concentrat ion present .  Addit ional  i c e  c r y s t a l s  
induced by seeding reduce t h e  e f f i c iency  of the  system by pro- 
ducing snowflakes too  small t o  f a l l  out i n  t h e  t a r g e t  a rea ,  a  con- 
d i t i o n  known a s  overseeding. The small snowflakes may f a l l  out 
f u r t h e r  downwind but  t h i s  p o s s i b i l i t y  has not yet  been inves t igated ,  

The Colorado S t a t e  IJniversity r e s u l t s  have been e s s e n t i a l l y  
confirmed i n  a separa te  p ro jec t  i n  t h e  Park Range of Colorado (211, 

It may wel l  be t h a t  t h e  cloud top temperature, i f  ava i l ab le ,  
would be a b e t t e r  p red ic to r  of seeding e f f e c t s  than t h e  500-mb 
temperature. Presumably i n  some cases t h e  cloud top extends above 
t h e  500-mb l e v e l  and na tu ra l  i c e  c r y s t a l s  a r e  present  even though 
t h e  500-mb temperature i s  r e l a t i v e l y  high; on t h e  o ther  hand, shallow 
clouds not extending t o  t h e  500-mb l e v e l  may have a shortage of i c e  
c r y s t a l s  even though t h e  500-mb temperature i s  wel l  below -12C. Com- 
parison of r e s u l t s  f o r  s i t e s  separated by son;e t e n s  of miles shows 
d i f fe rences  i n  response t o  seeding which may be r e l a t e d  t o  d i f fe rences  
i n  cloud top  height .  The degree of s p a t i a l  r e so lu t ion  and t h e  fre-. 
quency of observations required t o  determine cloud top temperatures 
would not be g rea t .  It appears t h a t  determination of cloud top tem- 
pe ra tu re  with a r eso lu t ion  of 10 t o  20 kr;l would be adequate. This 
i s  we l l  within t h e  c a p a b i l i t i e s  of a  high reso lu t ion  i n f r a r e d  
s a t e l l i t e  system. 

An experiment i n  t h e  northern S i e r r a  Nevada has a l s o  shown 
v a r i a t i o n s  i n  snowfall increases  due t o  seeding which can be r e l a t e d  
t o  t h e  p reva i l ing  weather condit ions (19) .  Seeding was accomplished 
using s i l v e r  iodide  generators on t h e  ground. It was found t h a t  
warm storms with souther ly  winds showed l i t t l e  response but  t h a t  
snowfall increases  could be induced during cold periods with north- 
westerly winds. It appears t h a t  e i t h e r  wind d i r e c t i o n  o r  temperature 
a t  some se lec ted  l e v e l  (say 700 mb) ~ ~ o u l d  be a s u i t a b l e  c r i t e r i o n  for 
a seed/no-seed decision i n  t h i s  s i t u a t i o n .  

Obtaining wind measurements t o  determine the  general  weather 
s i t u a t i o n  would not be d i f f i c u l t .  Measuring winds t o  determine 
where generators should be operated t o  influence a s p e c i f i c  t a r g e t  
a r e a  would be more d i f f i c u l t ,  as winds near t h e  ground i n  mountaino.us 
a reas  a r e  e r r a t i c .  Measurements would have t o  be taken a t  po in t s  no t  
more than 1 0  t o  20 km apar t  and once every two o r  th ree  hours t o  
accomplish t h e  l a t t e r  object ive .  

More recen t ly  s c i e n t i s t s  of the  Universi ty of Wyoming have 
s tudied t h e  nun.erica1 modeling of a i r f low over Elk Mountain, Wyoming 



ICE NUCLEI EFFECTIVE AT -20°C. 
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during cap-cloud condit ions.  Cap clouds a r e  l e n t i c u l a r  clouds produced 
by orographic l i f t i n g  over i s o l a t e d  peaks. The model has shown promise 
i n  p red ic t ing  flow p a t t e r n s  around the  mountain ( 7 ) .  It i s  an adapta- 
t i o n  of one developed f o r  studying a i r f low over Lake Er ie  and the  
r e s u l t a n t  snowfall d i s t r i b u t i o n  along the  south s i d e  of t h a t  l ake  ( l 6 ) ,  
The model i s  app l i cab le  when t h e r e  i s  an uns table  l a y e r  of a i r  next t o  
t h e  ground capped by an invers ion  wi th  more s t a b l e  a i r  a l o f t .  Input 
da ta  f o r  t h e  model include t h e  wind f i e l d  i n  t h e  uns table  a i r ,  t h e  
height  of t h e  invers ion  surface ,  t h e  terzperature s t r u c t u r e  and moisture 
content  of t h e  uns table  l a y e r ,  and the  temperature s t r u c t u r e  above t h e  
invers ion .  Horizontal  r e so lu t ion  of perhaps 5 km i s  requi red  f o r  
successful  app l i ca t ion  of t h e  model. 

I n  view of t h e  f a c t  t h a t  orographic seeding depends upon the  
in t roduc t ion  of a r t i f i c i a l  i c e  nuc le i  t o  supercooled clouds some 
information on background i c e  nucle i  concentra t ions  should be a v a i l -  
a b l e  t o  any opera t iona l  p ro jec t .  It appears t h a t  t h e  information 
could be obtained by opera t ing  one o r  two sm-pl ing  s i t e s  on the  
mountain s lopes  i n  each p ro jec t  a rea .  As it, i s  not l i k e l y  t h a t  
l o c a l  sources would be important i n  t h e  mountains, one could assw-e  
t h a t  t h e  background nuc le i  were d i s t r i b u t e d  widely and throughout 
a considerable depth of t h e  atmosphere i n  a  roughly uniform fashion.  
Thus t h e r e  would be no requirement f o r  extens ive  three-dimensional 
mapping of t h e  background i c e  nuc le i  concentrat ions.  

2.2.3 Semi-orographic s i t u a t i o n s  

A s  noted above t h e  t e r n  "semi-orographic" descr ibes  s i t u a t i o c s  
where orographic l i f t i n g  c a r r i e s  cloud seeding agents  only p a r t  way 
t o  t h e  des i red  l e v e l  and some other  mechanism must be r e l i e d  upon d o  
ca r ry  them i n t o  t h e  regions where they become e f f e c t i v e .  Convective 
cu r ren t s  o f t en  serve  as t h e  t r anspor t ing  mechanism f o r  t h e  seeding 
agents ,  as these  cloud systems f requent ly  contain a c t i v e  convective 
c e l l s .  However, they  a r e  t r e a t e d  here  r a t h e r  than i n  Chapter 3 below 
because t h e  convective c e l l s  a r e  usua l ly  ezbedded i n  s t r a t i f o r m  cloud 
decks and t h e  clouds '  responses t o  seeding t rea tments  agree b e t t e r  
with those observed i n  t h e  purely orographic s i t u a t i o n s  than with 
those  observed i n  convective clouds over f l a t  country. 

Semi-orographic seeding p r o j e c t s  have been c a r r i e d  out  i n  many 
p a r t s  of t h e  p~or ld .  Discussion w i l l  be l i m i t e d  t o  t h r e e  s e t s  of 
experiments, i n  A u s t r a l i a ,  I s r a e l  and Ca l i fo rn ia ,  which t y p i f y  t h e  
methods and r e s u l t s  . 

Aus t ra l i a .  The l a r g e  s c a l e  Aust ra l ian  experiments have involved 
s i l v e r  iodide  r e l e a s e s  from ai rborne  generators .  T4ost of t h e  Aust ra l ian  
semi-orographic experiments have been conducted over t h r e e  reyions:  
Snowy Mountains (24 ) , New England (25 ) , and Warragamba Catchment ( 26 ) , 
A l l  t h e  regions a r e  i n  southeast  Aus t ra l i a ,  t h e  topography of which 
i s  dominated by t h e  Great Dividing Range 2 .5) .  The p reva i l ing  
winds a r e  westerly.  



Fig, 2,5. The majori ty of t h e  Aust ra l ian  experiments have been conducted 
i n  t h e  Southeast,  where topography i s  dominated by t h e  Great 
Dividing Range and t h e  s i t u a t i o n  i s  semi-orographic (26 ) .  



The Snowy Mountains and New England experiments were s i m i l a r  
a s  both were on t h e  western slopes of t h e  dividing range and were 
expected t o  have mainly cont inenta l  airstreams.  The Warragamba 
experiment, s i t u a t e d  towards the  eas tern  s i d e  of t h e  range, received 
some maritime and some cont inenta l  t y p e  weather. Operational objee- 
t i v e s  were t o  seed both cumulus and s t ra t i fo rm suyercooled clouds. 
Far ly  r e s u l t s  from t h e  Snoyy Mountains and New England were extremely 
promising but Warrapamba shoved no de tec tab le  e f f e c t s  of seeding. I n  
t h e  f i n a l  r e s u l t s ,  although 2noyr Mountains and New England gave 
p o s i t i v e  r e s u l t s ,  they were only ~ a r g i n a l l y  s i g n i f i c a n t ,  and r e s u l t s  
from Warragamba were negative.  The de te r io ra t ion  of r e s u l t s  has 
been t e n t a t i v e l y  a t t r i b u t e d  t o  pers is tence  of seeding e f f e c t .  It 
was observed t h a t  t h e  i c e  nucleus concentrat ion i n  a seeded a rea  
increased when seeding corrmenced and rerained high f o r  severa l  months 
a f t e r  seeding stopped. The det r imenta l  e f f e c t  of pe r s i s t ence  on t h e  
r e s u l t s  of a randomized seeding experiment has been described by 
Bowen (4), ( ~ i g .  2.6).  

The Aust ra l ian  experiments, which have shown t h e  considerable 
p o t e n t i a l i t y  of s i l v e r  iodide  seeding, have a l s o  revealed t h a t  t h e  
e f f e c t s  a r e  not simple. Inves t igat ions  a r e  now being conducted i n t o  
t h e  physica l  processes of g lac ia t ion ,  nucleat ion,  e t c .  on which cloud 
seeding depends. New s e r i e s  of experiments a r e  a l s o  being conducted 
t o  determine t h e  amount by which s i l v e r  iodide  re leased from an a i r -  
c r a f t  can increase  t h e  r a i n  over spec i f i ed  a reas  and t o  de tec t  per- 
s i s t e n t  e f f e c t s  of seeding. 

I n  order t o  overcome u n c e r t a i n t i e s ,  a s  i n  t h e  case of Aust ra l ian  
experiments, it i s  e s s e n t i a l  t o  have more c r i t i c a l  and frequent  mea.sure- 
ments and observations of meteorological parameters. This would enable 
proper s e l e c t i o n  of s i t u a t i o n ,  choice of clouds t o  be seeded and a l so  
permit one t o  s t r a t i f y  t h e  r e s u l t s  so as t o  i s o l a t e  t h e  circu?lstanees 
which a r e  not favorable f o r  operat ion.  

I s r a e l .  The experiments i n  I s r a e l  (12 1, (13 ) , ( ~ i e .  2.7 ) , with 
more o r  l e s s  s imi la r  design t o  those of Aus t ra l i a ,  have shown s i g n i f i -  
cant p o s i t i v e  r e s u l t s  over a long period (1961-67). This region,  
which l i e s  on t h e  eas te rn  s i d e  of t h e  Mediterranean, i s  influenced 
by cont inenta l  airmasses f o r  t h e  most p a r t .  The mountain ranges 
a r e  only a few thousand f e e t  high and or iented  from nor th  t o  south, 
The winter  i s  t h e  main ra iny  season. Southwesterly winds from t h e  
North African d e s e r t s  o r  t h e  northern p a r t  of t h e  Negev dese r t  t o  
t h e  south usual ly  p r e v a i l  when a low pressure  system approaches t h e  
eas te rn  Mediterranean coas t .  Ra in fa l l  amounts a r e  genera l ly  l i g h t ,  

The I s r a e l i  inves t iga to r s  r e a l i z e d  t h e  importance of t r y i n g  t o  
i d e n t i f y  synoptic condit ions p a r t i c u l a r l y  favorable o r  unfavorable 
t o  seeding e f f e c t s .  This allows f o r  r a t i o n a l  a l l o c a t i o n  of seeding 
e f f o r t s  and a l s o  avoidance of negative seeding e f f e c t s .  The da ta  



Fig. 2.6. T o t a l  a rount  of r a i n  which f e l l  dur ing  cloud seeding 
experiments i n  e a s t e r n  A u s t r a l i a  was w e l l  above normal. 
However, t h e  s t a t i s t i c  used i n  t h e  experiment,  namely, 
t h e  r a t i o  of t h e  r a i n f a l l  i n  seeded pe r iods  t o  t h e  r e in -  
f a l l  i n  unseeded pe r iods  appeared t o  decrease  a s  seeding 
progressed  because t h e  e f f e c t  of seeding  p e r s i s t e d  from 
t h e  seeded i n t o  t h e  unseeded pe r iod .  Graph shows annual  
decrease  of t h i s  r a t i o  i n  d i f f e r e n t  r eg ions  ( 5 ) .  
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Fig. 2.7. Map of Israel showing both experimental areas and the 
interior areas (shaded). Dots indicate raingages used 
in analysis (12). 



were s t r a t i f i e d  i n  terms of season,  month, and l e n g t h  of s p e l l  of 
r a i n r a l l  a s  w e l l  as d i f f e r e n t  meteoro logica l  pararr'eters ob ta ined  
frorr radiosonde obse rva t ions ,  such a s  temperature a t  700-mb l e v e l ,  
wind d i r e c t i o n  and speed a t  500-mb l e v e l ,  s t a b i l i t y  index,  and 
p r e c i p i t a b l e  water  from su r face  t o  500-mb l e v e l .  S i g n i f i c a n t l y  
enough, t h e  p e r s i s t e n c e  e f f e c t  observed i n  A u s t r a l i a  was completely 
absent  i n  t h e  I s r a e l i  experir-ent (11:). 

It i s  q u i t e  obvious t h a t  c l o s e  soundings ( a t  spacing of about 
15 lm) a t  s h o r t e r  i n t e r v a l s  (about  3 h r s )  of t ime,  g iv ing  na r t i cu -  
l a r l y  t h e  temperature p r o f i l e ,  p r e c i p i t a b l e  water  and winds a r e  of 
primary irrinortance along with obse rva t ions  of c louds f o r  a  reg ion  
like t h i s .  S ince  t h e  seeding a ~ e n t  i s  a r t i f i c i a l  i c e  n u c l e i ,  i n fo r -  
mation on n a t u r a l  i c e  nuc le i  i s  e s s e n t i a l  f o r  c a r e f u l  eva lua t ion  of 
seeding experiments.  T'%asurements of i c e  nuc le i  over s e v e r a l  winLers 
have been conducted, a l though t h e  r e s u l t s  a r e  not  y e t  conclus ive  ( 1 5 ) .  
It i s  a l s o  e s s e n t i a l  t o  have t h e  background counts  v h i l e  c o n u u c t i r ~ ;  
experiments.  

C a l i f o r n i a .  S e ~ ~ i - o r o g r a p h i c  s i t ua , t i ons  e x i s t  over t h e  C a l i f o r n i a  
coas t  ranges during most w in te r  s t o r r x .  Opera t iona l  seeding of t h e s e  
s t o r i ~ s  began i n  1951 i n  both Santa Clzra  County and ::ants Barbara 
County. 30th of t h e s e  p r o j e c t s  were considered by Thorn i n  h i s  a n a l y s i s  
of semi-orogranhic p r o j e c t s  f o r  t h e  Advisory Cor:r?ittee on Weather 
Control  ( 2 7 ) .  

The Santa  3a.rbara P r o j e c t  was converted t o  a  randor i znd  seecling 
exper inent  i n  t h e  f a l l  of 1055. The r e s u l t s  of tl-.is experiment were 
inconclus ive  b u t  seedinc  has cont inued i n  Santa Sarbara  County s i n c e  
that t ime wi th  apparent  success  ( 9 ) .  

Considerable  e f f o r t  has been devoted t o  s t u d i e s  of t h e  s t r u c t u r e  
of c o a s t a l  storms i n  c e n t r a l  C a l i f o r r i a .  E l l i o t t  descr ibed  t h e  
c h a r a c t e r i s t i c s  of a r e l a t i v e l y  simple s t o r r  niodel v i t l ;  a  s i n g l e  
f r o n t  ( 8 ) .  He noted t h a t  t h e  p r e c i p i t a t i o n  tias concent ra ted  i n  a 
band of convect ive showers preceding o r  acconpanying t h e  f r o n t  o r  
t rough l i n e .  

 he system i s  d iscussed  a s  a  s t cady- s t a t e  m e c h a n i s ~ ~  
whereby t h e  genera t ion  of' l i q u i d  ~ o i s t u r e  i n  v e r t i c a l  
c u r r e n t s  i s  balanced by i t s  rern.oval throui_.h p r e c i p i t a -  
t i o n ,  p r imar i ly  i n  t h e  i n s t a b i l i t y  zone near  t h e  sur-  
f a c e  f r o n t ,  and by evapora t ion ,  p r i n a r i l y  i n  t h e  a l t o -  
s t r a t u s  zone i n  advance of t h e  i n s t a b i l i t y  zone . . . 
It i s  shorn t h a t  i n  t h i s  storm ~ ~ o d e l  e f f i c i e n c i e s  a r e  
normally we l l  below 100 ?e rcen t ,  and t h a t  t h e  introduc-  
t i o n  of a r t i f i c i a l  ice-form in^ n u c l e i  can r a i s e  t h i s  
e f f i c i e n c y  markedly." 



Larger s t o r r s  o f t en  con ta in  s e v e r a l  bands of convec t ive  i n s t a b i l i t y  
(6). The bands of convect ive clouds a r e  r e a d i l y  i d e n t i f i e d  on r a d a r  
through t h e  sham-edyed echoes from t h e  p r e c i p i t a t i o n  c e l l s ,  b u t  a r e  
not  so r e a d i l y  aoparent  t o  v i s u a l  ohservers  because of t h e  ex t ens ive  
s t r a t i f o r m  c loud  sys t evs  ~ r b i c h  s o r c e t i ~ e s  f i l l  t h e  r eg ions  between 
then .  Sor,e of t h e  bands a r e  l a r f e  enouch t o  be d e t e c t a b l e  i n  a meso- 
s c a l e  a n a l y s i s .  Sur face  winds t y p i c a l l y  back i n  advance of a convec- 
t i v e  band and veer  by 30 t o  90 de r r ees  a t  t h e  t ime of i t s  passage.  The 
bands a r e  t m i c a l l y  severa.1 hours a p a r t  i n  t ime.  

Experience on both  t h e  Santa Barbara .and Santa  Clara  P r o j e c t s  leci 
t o  t h e  t e n t a t i v e  conclusion t h a t  cloud seeding was most e f f e c t i v e  dur ing  
the passace  of t h e  cocvec t ive  bands (6 ,  3 ) .  This  would appear  reason- 
a b l e  i n  v i e v  of t h e  u p d r a f t s  t o  5 m sec'l i n  t h e  c e l l s ,  which would 
c a r r y  s i l v e r  i od idc  a l o f t  f r o v  t h e  s u r f a c e  mixing l z y e r ,  and tY,e abun- 
dance of supercooled water  i n  t h e  c e l l s  above t h e  OC l e v e l .  I nc reases  
i n  r a i n f a l l  of 50 t o  1007 a r c  s u f ~ e s t e d  i n  some cases .  E l l i o t t  s?d.;;sests 
t h a t  t h c  r e l e a s e  of l a t e n t  hea t  by sceding i n t e n s i f i e s  t h e  convec t ive  
c u r r e n t s  i n  t h e  bands and t h e  energy of t h e  bands themselves and l e a u s  
t o  an i n c r e a s e  i n  t h e  a ~ o u r , t  of water  processed ( 1 0 ) .  

Experirncnts a r e  presentl2r underway i n  t h e  Santa  Barbara a r e a  i n  
which convect ive bands a r e  being seezed or! a randomized b a s i s  i n  an 
at tempt  t o  b e t t e r  de f ine  t h e  seedinc  e f f e c t s .  A nm1erica.1 model i s  
used t o  he19 d e t e r n i c e  '~ rhere  seed in^ e f f e c t s  should occur .  Pre l iminary  
r e s u l t s  f o r  t h e s e  expe r inen t s  i n d i c a t e  t h a t  s i l v e r  i o d i d e  seeding of 
t h e  bands y i e l d s  s i g n i f i c a n t  i nc reases  i n  r a i n f a l l  up t o  100 kr? down- 
wind of t h e  r e l e a s e  of t h e  seeding acent  (11 ) .  

It i s  anparent  t h a t  a r e l i a b l e  method of t iming  t h e  passage of t h e  
convect ive bands ( ~ i . g .  2.8) would be a u s e f u l  i npu t  t o  t h e  ope ra t ion  and 
evaluation of c loud seeding  exper inents  i n  t h e  c o a s t a l  r eg ions  of 
C a l i f o r n i a .  The ques t ion  imxediately a r i s e s  a s  t o  whether o r  not  
t h e  convec t ive  bands e x i s t  a s  recognizable  e n t i t i e s  o f f sho re .  Evi- 
dence t h a t  t h e y  do i s  provided by d e t a i l e d  s t u d i e s  of t h e  mesos t rue ture  
of l a r g e  storms i n  t h e  e a s t e r n  P a c i f i c .  Nagle and Serebreny, u s ing  
s a t e l l i t e  photo{;raphs and r a d a r  d a t a ,  shoved one l a r g e  storm t o  be a 
very  complex system involv inp  f i v e  d i f f e r e n t  a i r  masses and wi th  con- 
v e c t i v e  bands concent ra ted  south  and southeas t  of t h e  c e n t e r  ( 2 0 ) .  

Poss ib l e  techniques  f o r  t r a c k i n g  t h e  bands inc lude  t h e  examination 
of c loud p h o t o ~ r a p h s ,  a sea rch  f o r  s h i f t  l i n e s ,  and t h e  use  of 
X-band radiometer  d a t a  t o  d e t e c t  t h e  concen t r a t ions  of l a r g e  p r e c i g i -  
t a t i o n  p a r t i c l e s  i n  t h e  convect ive c e l l s .  Although t h e  supercooled 
cumul i fo r~ .  c louds i n  t h e  bands niay sometiales be o v e r l a i n  by c i r r u s  
c louds ,  t h e  r e s u l t s  i n  hand sug<;est t h a t  t h e  o f f sho re  bands can be 
t r acked  adequate ly  on t h e  b a s i s  of s a t e l l i t e  c loud photographs. Once 
t h e  bands c r o s s  t h e  c o a s t ,  land-based r a d a r  s e t s  provide  s u p p l e ~ e n t a r y  
d a t a  pe rmi t t i n?  t h e n  t o  be t r acked  in l and  and seeded. Seeding materia,  



Pig, 2.8, For the operation and evaluation of seeding experiments 
in semi-orographic regions, the identification of the 
banded rain structure by radar could be most useful. 



re leased  j u s t  ahead of them from mountain peaks o r  a i r c r a f t  i s  r e a d i l y  
c a r r i e d  upward. Detai led measurements of t h e  associa ted  wind f i e l d s  
can be made f o r  experiments but would not be e s s e n t i a l  i n  an opera t ional  
p ro jec t .  

2.3 Conclusions 

This subsection summarizes with t h e  a i d  of t a b l e s  t h e  observational  
requirements f o r  t h e  various types of p ro jec t s  discussed above. 

The measurements required t o  conduct and monitor a supercooled 
fog and s t r a t u s  cloud dispers ion program a r e  shown i n  Tables 2-2 and 
2-3. It i s  believed t h a t  t h e  t a b l e s  a r e  self-explanatory and requ i re  
no comments here. 

The measurement required  t o  conduct and con t ro l  a warm fog d i s s i -  
pa t ion program a r e  shown i n  Table 2-4. The l i q u i d  water content and 
median drop diameter, which a r e  given a s  f i r s t  and second p r i o r i t y  
measurements, can be considered a s  a measure of v i s i b i l i t y .  However, 
they a r e  much more than t h i s ,  a s  they provide information on t h e  
optimum quan t i ty  and s i z e  d i s t r i b u t i o n  of t h e  fog c lea r ing  agents t o  
be introduced. 

The meteorological measurements required f o r  con t ro l  and evaluation 
of orographic seeding p r o j e c t s  a r e  summarized i n  Table 2-5. A l l  of 
them have been discussed above except t h e  snowfall r a t e .  This could 
be obtained conveniently by a weather radar  o r  by telemetry from remote 
snow r a t e  sensors.  An e labora te  network using t h e  latter approach has 
been s e t  up by Uta,h S t a t e  Universi ty i n  a mountainous region e a s t  o f  
Great S a l t  Lake. 

The measurements required f o r  a semi-orographic cloud modification 
pro jec t  a r e  summarized i n  Table 2-6. Top p r i o r i t y  i s  assigned t o  t h e  
loca t ion  of convective bands within l a r g e  storms. It appears t h a t  this 
could be most r e a d i l y  acconiplished by radar  observations of t h e  pre- 
c i p i t a t i o n  c e l l s ,  although other  p o s s i b i l i t i e s  e x i s t .  Temperature 
observations t o  determine v e r t i c a l  s t a b i l i t y  would i d e n t i f y  those  areas 
i n  which ground based seeding equipment could be used. Wind and pres- 
sure  da ta  would be used p r inc ipa l ly  a s  an a i d  i n  p rec i se  loca t ion  of 
t h e  convective bands and i n  p ro jec t ing  t h e i r  movement. Measurements 
of cloud top  height  an6 updraft  speeds would be use fu l  p r i n c i p a l l y  i n  
assess ing t h e  i n t e n s i t y  of individual  convective bands and could be 
used t o  t a i l o r  t h e  amount of seeding mate r i a l  t o  t h e  q u a n t i t i e s  of 
water being processed i n  each band. 
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3. MODIFICATION OF CONVECTIVE CLOUD SYSTEMS 

3,1 Nature of Convective Clouds 

3.1.1 Introduction 

The discovery of techniques for modifying physical processes 
within natural clouds gave great impetus in the mid-forties to that 
portion of physical meteorology concerned with the physics of clouds 
and precipitation. Although the early spectacular demonstrations of 
xodifying clouds (59) were done over stable stratiform clouds, the 
majority of the work that has follo~~ed for the last two decades has 
qone over to the convective systems and justifiably so, as most of 
the world's rainfall and severe weather phenomena come from the con- 
vective systems. The complexities and uncertainties regarding 
weather modification results started with this change in emphasis. 
Considering the areal extent and impact of convective phenomena, the 
potential value of control techniq.ues over convective systems is also 
very high. The central problem in the field of weather modification 
has been and still is, how should we approach control of convective 
clouds and when do we reap the benefits? 

The ability to monitor artificial changes in convective cloud 
systems has increased with developrr,ent of weather radars, doppler 
radar, computers and automatic weather stations, although much remains 
to be done in automating data collection, handling and reduction. The 
theoretical development has reached a point where mathematical simu- 
lation is already providing a crude insight into the possible changes 
$n cloud physics and cumulus dynamics. In the future we must rely 
heavily on improved modeling techniques coupled with improved systems 
of observation, without which adequate sixulation would be impossible. 

The vigorous activity in cloud physics and weather modification 
in the last two decades has produced a number of interesting revela- 
tions, the most pervasive of which is the astounding complexity, 
not previously fully appreciated, of the physical processes in the 
atmosphere. Natural variability is the big obstacle in obtaining 
quick answers to any questions of weather modification and, to con- 
elude in the words of Dr. Thomas Malone, "A long and winding road 
lies ahead with the outcome still uncertain" (52). 

3.1.2 Dimension, Dynamics and Physics 

Experimental and theoretical developments in cumulus dynamics and 
physics up to the last decade have been well treated by Mason (54) and 
Fletcher (35). These developments have clarified to a considerable 
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Fig. 3.1. One of the severest manifestations of convection is the 
tornado. Although confined to a narrow width it can Co 
a great havoc as evidenced in the above illustration 
showing 26 deaths from the recent case at Lubbock, Texas 
on May 11, 1970. Rotational speed might have been be-t'ween 
145 and 290 m.p.h. (37). 



Convection on a grand scale .  

Fig. 3 . 2 .  This photograph permits one t o  see the  outcome of r a i n  
formation processes t h a t  extend from the  i c e  c ry s t a l  l e v e l  
of t h e  upper troposphere down t o  t he  ground. A t  the  upper- 
most l eve l  a p i l eus  cloud, usual ly  associated with thunder- 
storm formation, can s t i l l  be seen even though the  cloud 
mass has begun t o  lose  i t s  cha rac t e r i s t i c  cumuliform. 
The photograph s t r i k ing ly  i l l u s t r a t e s  the  t o r r e n t i a l  down- 
pour of r a in  i n  the  downdraft region cha rac t e r i s t i c  of 
l a r g e  cumulonimbus clouds (53). 



degree t he  r o l e  of temperature and humidity lapse  r a t e s ,  l a t e r a l  
entrainment, updraft ,  and penetra t ive  down d r a f t  from cloud top 
upon t h e  development of individual  cumulus clouds. The r o l e  of 
wind shear near t h e  top of thunderstorms i n  converting them t o  
severe l o c a l  storms has a l so  been recognized recen t ly  (30).  

The primary energy of ascending currents  i n  convective systems 
i s  derived from atmospheric i n s t a b i l i t y  t h a t  can develop f a i r  
weather cumulus a few hundred meters deep with low v e r t i c a l  
ve loc i t i e s  (1 m/sec or  so )  and l a s t i n g  f o r  a few minutes, cumulo- 
nimbus clouds extending t o  t he  s t ra tosphere  with v e r t i c a l  ve loc i t i e s  
up t o  40 m sec-l and l a s t i n g  f o r  several  hours and re leas ing a few 
inches of r a i n ,  roaring hurricanes with chimneys of cumulonimbus 
l a s t i n g  f o r  days, o r  tornadoes (Fig. 3.1). The wide var ia t ion  i n  
both time and space makes t he  convective system not only d i f f i c u l t  
t o  understand but a l so  t o  observe (Fig. 3.2). 

The tendency of i n i t i a l  condensation growth i n  clouds i s  t o  
lead t o  drople ts  of nearly t h e  same s i ze  (45) bu t ,  i n  r e a l i t y ,  tur-  
bulent mixing leads  t o  droplet  spectrum broadening. I n  maritime 
cumuli droplet  concentrations a r e  near 50 c K 3  and r a r e ly  go above 
100 cm-3 (72), ( 3 ) ,  whereas i n  cumuli growing over cont inenta l  
i n t e r i o r s ,  droplet  concentrations usual ly  run from several  hundred 
t o  a s  many a s  thousands per cubic centimeter with a t yp i ca l  value 
of 400 ~ m - ~ .  As cloud l i qu id  water does not d i f f e r  g rea t ly ,  t h i s  
cha rac t e r i s t i c  d i f ference i s  usual ly  a t t r i bu t ed  t o  ce r t a in  differences 
i n  t he  population of condensation nuclei  found over sea and land,  
although dif ferences  i n  t yp i ca l  updraft play a minor r o l e  ( 7 5 ) .  
Further growth of these  drops t o  p rec ip i ta t ion  s i z e  always involves 
a co l l i s i on  and coalescence (accret ion)  process. The prec ip i ta t ion  
embryos [ l a rge  drops t h a t  form around unusually l a rge  condensation 
nuclei  known a s  giant  nuclei  (32) ,  a s  a r e s u l t  of chance coalescence 
among cloud drople ts ,  or  through t he  introduction of i c e  nuclei  i n  
the  supercooled port ion of t he  cloud] grow by overtaking and sweeping 
up smaller cloud drople ts ,  although i n  t he  i n i t i a l  s tages i n  super- 
cooled cloud t h e  growth of i c e  c ry s t a l s  by sublimation i s  more rapid  
(131, (32).  It may fur ther  be mentioned t h a t  t he  co l l i s i on  of two drops 
does not necessar i ly  lead t o  t h e i r  coalescence i n to  s ing le  drops (741, 
(16) ,  although experimental cases have been reported ( 4 1 )  of complete 
coalescence fo r  ce r ta in  p a i r s  of drop r a d i i .  Weak external  e lect ro-  
s t a t i c  f i e l d s  and net  charges borne by t h e  co l l id ing  drops do have 
some ro le .  It may be sa id  t h a t  we scarcely understand t he  bares t  
e s sen t i a l s  of highly complex phenomena control l ing coalescence of 
co l l id ing  drops ( ~ i g .  3.3 1. 

A l l  thunderstorms and even many cumuli not producing v i s i b l e  
l ightning emit radio  waves over. a wide range of frequencies (58). 
A number of observers have noted (76) rapid  appearance of r a i n  i n  
l a rge  cumulonimbus clouds immediately following l ightning dis- 
charges, E l ec t r i c a l  phenomena i n  tornadoes have been well  
documented by Vonnegut (771, and recent ly  s f e r i c s  have been 



RAIN OR HAIL ON GROUND 

Fir. 3.3. Cornplexities i n  cloud physic processes i n  convective systems 
can be v i sua l i zed  fror;. t h e  above schematic drawn f o r  modeling 
p r e c i p i t a t i o n  grovth i n  cumulonimbus ( 5 6  ) . 



u t i l i z e d  f o r  de tec t ion  of tornadoes by TV s e t s  (15) .  A l l  t hese  
l ead  us  t o  be l i eve  t h a t  e l e c t r i c a l  fo rces  may be more important 
than h i t h e r t o  supposed and t h a t  e l e c t r i c i t y  may produce s i g n i f i c a n t  
e f f e c t s  on t h e  formation of p r e c i p i t a t i o n  and on the  c i r c u l a t i o n  
wi th in  storms. 

3.1.3 Mechanism and Basic Difference i n  Convective Cloud 
Modification 

The amount of agreement concerning r e s u l t s  of weather modifica- 
t i o n  diminishes a s  one proceeds f ro= s t r a t i f o r m  t o  orographic t o  
purely convective cloud systems. I n  con t ras t  t o  s t r a t u s  clouds,  
convective clouds show l i t t l e  con t inu i ty  i n  time and space. The 
l i f e t i m e  of an ind iv idua l  convective system i s  comparable t o  t h a t  
requi red  f o r  seeding mate r i a l  t o  a c t  upon i t s  water content .  Con- 
vec t ive  clouds change so rap id ly  t h a t  the  clouds under t reatment 
nay develop, i n  a  few hours, from s c a t t e r e d  cumulus t o  g ian t  
cumulonimbus wi th  consequent changes i n  water content ,  temperature 
and drop s i z e .  The treatment may a l s o  have t o  be appl ied  a t  
varying d i s t ances  from t h e  cloud o r  a t  l e a s t  f r o n  i t s  point  of 
e f fec t iveness ,  and a c t u a l  t reatment i n t e n s i t y  and c h a r a c t e r i s t i c s  
of t r e a t e d  clouds vary markedly from point  t o  point .  The subjec t  
and treatment can be spec i f i ed  i n  general  terms only and t h e  degree 
t o  which t h e  experiment can be described and reproduced i s  l imi ted ,  
making it extremely d i f f i c u l t  t o  d i f f e r e n t i a t e  a r t i f i c i a l l y  pro- 
duced changes. Seeding, i n  genera l ,  inf luences  convective clouds 
i n  t h r e e  d i f f e r e n t  ways. F i r s t ,  seeding changes t h e  microphysics. 
This may be done by changing t h e  i n i t i a l  drople t  spectrum o r  by 
g l a c i a t i o n  of supercooled por t ions  of t h e  cloud and can l ead  t o  
t h e  production of p r e c i p i t a t i o n  p a r t i c l e s  i n  an otherwise i n a c t i v e  
region of the  cloud. Secondly, t h e  l a t e n t  heat  r e l e a s e  by g lac ia-  
t i o n  may inf luence  t h e  cloud dynamics and thereby t h e  t o t a l  amount 
of r a i n  produced. Third ly ,  e f f e c t s  may be produced i n  neighboring 
clouds. This quest ion i s  more complex and q u a n t i t a t i v e  e s t i ~ a t e s  
of such e f f e c t s  a r e  only beginning t o  energe. 

Review of Experiments: R a i n f a l l  Increases 

A s  t h e  complexities of t h e  p r e c i p i t a t i o n  mechanisn were revealed 
i n  d i f f e r e n t  cloud physics s t u d i e s  a,nd weather modificat ion prograns,  
t h e  d e s i r a b i l i t y  of measuring more m e t e o r o l o ~ i c a l  parameters with 
increased accuracy, c lose r  spacing and a t  shor te r  t i r e  i n t e r v a l s  
was a l s o  r e a l i z e d .  This r e a l i z a t i o n  was strengthened with t h e  
advent of numerical modeling. A survey of a  few of these  pas t  
experiments i s  perhaps worthwhile before  we make es t imates  of 
measurements and observations requi red  f o r  the  purpose. 

Nmerous exper i rents  on seedin6 of convective clouds have been 
c a r r i e d  out  s ince  t h e  days of Schaefer ' s  experirr.ent and t h e  discovery 
of s i l v e r  iodide  c r y s t a l s  a s  f r eez ing  nucle i  by Vonnegut. blost of 
t h e s e  experiments have involved generat ion of s i l v e r  iodide  c r y s t a l s  



t o  a c t  as a r t i f i c i a l  i c e  n u c l e i ,  a l t h o u ~ h  o t h e r  techniques ,  u s ing  
dry i c e ,  salt p a r t i c l e s  and water  spray ,  have a l s o  been used.  These 
n r o j e c t s ,  vhich have been c a r r i e d  out  i n  nany c o u n t r i e s ,  range  from 
we l l  designed exper inents  t o  con~!ercia,l. a t t e K p t s  t o  e x p l o i t  t h e  
technology f o r  imrlediate economic b e n e f i t .  Each coun t ry ' s  r e s e a r c h  
progran has been d i r e c t e d  totra,rds t h e  so lu t ior l  of i t s  own weather 
p ro t l ens .  Thus, p r o j e c t s  i n  A u s t r a l i a ,  I s r a e l ,  ?lexica, and I n d i a  
have been ma,inly f o r  r a i n f a l l  i nc reases ;  t kose  of Argent ina,  Sovie t  
Union, and Switzer land have been f o r  h a i l  suppression.  Researches 
i n  kkc United S t a t e s  have been f o r  i nc rease  of r a i n f a l l ,  suppress ion  
of h a i l ,  and decrease  of l i y h t n i n g  s t r i k e s .  We a r e  l i m i t i n g  our  
d i scuss ion  i n  t h i s  chapter  t o  a few recen t  experiments w i t h  sound 
s c i e n t i f i c  des ign ,  p r i m a r i l y  on t h e  convect ive systems of non t rop ica l  
r eg ions  us ing  f r e e z i n g  n u c l e i  as t h e  main seeding apent .  A f e u  
l n t e r e s t i n g  e x p e r i ~ e n t s  on convect ive clouds i n  t h e  American t r o p i c s  
a r e  d e a l t  v i t h  i n  t h e  fo l lowing  chnpter .  

3 .2.1 A u s t r a l i a  

iLmon~ t h e  long term experiments conducted o u t s i d e  t h e  United 
S t a t e s  a r e  t hose  of A u s t r a l i a .  Ear ly  experir .ents  ( ~ i g  . 3. lr j were 
done l r i t h  dry  i c e  (68) ( 7 1 ) ,  bu t  t h e  method was found expensive. 
S u b s e q ~ e n t l y ,  fo l lowing  pre l iminary  t r i a l s  v i t h  s i l v e r  i o d i d e  (7E),  
randomized t r ia ls  were ucdertzken wi th  t h i s  m a t e r i a l .  Tes t  c louds 
.)-ere supercooled,  reasonnb1.y i s o l a t e d ,  deep, of lone d u r a t i o n ,  with- 
ou t  excess ive  shez r ,  wi th  no o t h e r  c loud r a i n i n s  o r  g l a c i a t e d  wi th in  
30 kx, and wi th  no a p p e c i a b l e  rair f r o n  nearby clouds w i t h i n  30 
uAnutes of seedinf;. The s u i t a b i l i t y  of a  c loud  which w a s  s p e c i f i e d  
f o r  s e e d i n ~  w a s  d e t e r ~ i n e d  by v i s u a l  observa t ion  and r equ i r ed  
e s t i n a t i o n  of dimension, shea r ,  r a i n  and g l a c i a t i o n .  

The irrportance of ~ e a s u r e m e n t s  of d i f f e r e n t  meteoro logica l  
v a r i a b l e s  such a s  cloud t o p  and environxent tempera ture ,  depth  of 
c loud ,  base and t o p  h e i g h t ,  e t c . ,  was r e a l i z e d  from t h e  becinnini;. 
R a i n f a l l  w a s  es t imated  f r o x  t h e  p e r ~ a n e n t  impression of drops on a 
ra indrop  imgactor f l o ~ m  under t h e  denses t  p a r t  of t h e  cloud and 
through r a i n .  For clouds whose t o p s  were -1.OC o r  co lde r  t h e  r e s u l t s  
i nd ica t ed  t h a t  t h e  seeded ones had more r a i n  thzn  t h e  unseeded ones,  
the d i f f e r e n c e  be ing  s t a t i s t i c a l l y  s i g n i f i c a n t  ( F ~ G .  3.5 ) . 

The ma jo r i ty  of t h e  Aus t r a l i an  experiments on l a r p e r  a r e a s  irere 
Sone on seni-orograghic r eg ions  and have been d iscussed  e a r l i e r .  The 
experiment i n  South A u s t r a l i a  (69) was t h e  only one over f l a t  lev-lying 
Land, Most of t h e  r a i n  he re  f a l l s  during w i n t e r ,  and t h e  inc idence  of 
c louds and r a i n f a l l  i n  t h i s  a r e a  i s  u s u a l l y  a s s o c i a t e d  wi th  passage of 
Z O ' F T S .  P r e f r o n t a l  a l t o s t r a t u s  moving i n  frorc t h e  no r theas t  i s  r en l aced  
an t h e  passage of a  co ld  f r o n t  by l a r ~ e  cmizlus degenerat iny t o  smal le r  
~ l ; m ~ i u s ,  Both a l t o s t r a t u s  and cumulus clouds were seeded, t h e  c r i t e r i o n  
neln: t h a t  cloud t o p  be co lder  t han  -5C,  Experirrents were conducted 
~sing t h e  randomized crossover  des ign;  bu t  t h e  r e s u l t s  y i e l d e d  n3 
~ ~ - 1 d e n c e  t h a t  cloud seeding inf luenced  t b e  mean p r e c i p i t a t i o n ,  The 
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inconclusive result has been attributed to infrequent occurrence of 
clouds suitable for seeding and the predominance, in the maritime 
situations encountered, of rain fornation by the coalescence process, 

3.2.2 Chicago Group 

??any exyeriments have been conducted on convective clouds or 
erbedded convective systems in the United States. One of the earlier 
experiments, involving randomized dry ice seeding for initiating pre- 
cipitation in individual cunlulus clouds in the central United States, 
was undertaken by the University of Chicago Cloud Physics Laboratory 
(18) (13). Seeding was carried out at temperatures slightly colder 
than OC in the hope that early release of latent heat of fusion might 
add buoyancy in such a manner as to stimulate cloud growth and favor 
development of precipitation. The results did not indicate (contrary 
to ~ustralians) that this seeding produced detectable difference in 
the formation of radar precipitation echoes, (52). The initial con- 
putational studies also failed to give any better understanding but 
the necessity of continued observation and measurements in field and 
laboratory were realized. Simultaneous experiments on individual 
clouds were also carried out over Caribbean tropical cumulus and it 
was sho~rn that precipitation develops there from all water conden- 
sation--coalescence mechanism. The most inportant outcome of these 
experiments of the Chicago group is the realization of importance 
of the coalescence mechanism for a region like the central United 
States as well as the tropics. 

The most important measurements that were required were: (a) the 
temperature of free air in and around clouds with an accuracy of +O,IC; 
( b )  the hunidity in the cloud environment; (c) cloud droplet concerr-, 
tration, size and size distribution at discrete points inside the 
cloud; (d) liquid water content of the cloud; (e) the electrostatic: 
field, thought to be important in droplet coalescence; (f) major drafts 
and turbulence assessed fror: airspeed and altitude measurements; and 
( g )  photographs made of visual clouds. Iieights of cloud tops were 
measured and the clouds were checked for echoes with calibrated radar, 
This was done to determine the grecipitation probability as a function 
of cloud height ( ~ i ~ .  3.6), cloud thickness and cloud top temperature 
(27). Most of the instruments required for the measurements were 
airborne, including the aircraft nose radar. 

As the artificial nucleation of' a cloud can result in changing 
the time of precipitation initiation a computational work was also 
carried out to find time and level of echo formation. 

3.2.3 University of Arizona Experiments 

The seeding of orogra,phic smer convective clouds on a randomized 
basis was undertaken in 1357 in Arizona (5), (4). 
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A s t r i k i n g  f e a t u r e  of t h e  weather of sou theas t e rn  Arizona i s  
t h e  sudden change of a i r  mass i n  t h e  e a r l y  p a r t  of J u l y .  The d ry  
a i r  p reva len t  d u r i n ~  t h e  month of June i s  r ep l aced  by n o i s t  a i r  
wi th in  which convect ive clouds and thunderstorms form wi th  a h igh  
frequency. Once t h i s  "Arizona monsoon" has s t a r t e d ,  one can expect  
showers i n  sou theas t e rn  Arizona dur ing  most days of J u l y  and August, 

The convect ive shovers  have a d i u r n a l  v a r i a b i l i t y  wi th  a d i s t i n c t  
minimum dur ing  t h e  morning hours .  When convection beg ins ,  t h e  cloud? 
form f i r s t  over t h e  mountains dur ing  t h e  l a t e  morning o r  e a r l y  a f t e r -  
noon. As t h e  day p rog res ses ,  c louds r a y  appear over  t h e  v a l l e y s  bu t  
f o r  t h e  l a r g e  p a r t  of t h e  cloudy pe r iod  t h e  v a l l e y  around Tucson 
remains r e l a t i v e l y  c l e a r .  E a r l i e r  s t u d i e s  ( 7 )  had revea led  t h a t  
t h e  bu i ld ing  c u r ~ u l i  he re  were freneral ly  supercooled t o  l e v e l s  co lde r  
t han  -10C and t h e r e  a r e  40 t o  50 days each summer t h a t  have l a r g e  
convect ive c louds ,  most, of which do not r a i n  n a t u r a l l y .  It was 
reasoned t h a t  i n t roduc t ion  of s i l v e r  i od ide  i n t o  growing convect ive 
clouds m i ~ h t  produce important e f f e c t s .  Days wi th  p r e c i p i t ~ b l e  
water  exceedinr  1.10 inches were considered seedable.  Apart froir 
t h e  r o u t i n e  m e t e o r o l o ~ i c a l  n;easure~nents based on soundings, e t c . ,  
t h e  i n p o r t a n t  observa t ions  t h a t  were c a r r i e d  out  were ( a )  p r o ~ e r t i e s  
of  v i s u a l  c louds (wi th  a i d  of t i r e - l a p s e  camera and a p a i r  of a e r i a l  
cameres g iv ing  accu ra t e  cloud t o p  h e i g h t s ) ;  ( b )  p r e c i p i t a t i o n  forma- 
t i o n  as revealed by r a d a r .  (1t w a s  p o s s i b l e  t o  s tudy  t h e  l o c a t i o n  
of t h e  i n i t i a l  p r e c i p i t a t i o n  echoes, t h e  r a t e s  of  spread of p rec ip i -  
t a t i o n  and t h e  frequency of l a r g e  convect ive clouds frorri t h e  f i l m  
reco rds  of r a d a r  s cope ) ;  and ( c )  l i g h t n i n g .   h his was mainly done 
wi th  v i s u a l  observa t ion  of c loud t o  ground l i ~ h t n i n g  s t r o k e s  al though 
an  e l .ec t r ic  f i e l d  meter and a l i g h t n i n g  counter  were i n s t a l l e d ) .  

Out of t h e  f o u r  yea r s  of  t h e  f i r s t  phase of t h e  program, t h e  
f i r s t  two y e a r s '  r e s u l t s  ( 6 )  were encouraging ( ~ i g .  3 . 7 ) ,  both 
from r a i n f a l l  measurerrents, r a d a r  echo he igh t s  and cloud t o p  tempera- 
t u r e ,  a l though r e s u l t s  were not  very  s i g n i f i c a n t ,  bu t  t h e  subsequent 
two y e a r s '  r e s u l t  was negat ive  ( 7 ) .  A t  t h e  end of t h e  f o u r  yea r s  
t h e  experiment f a i l e d  t o  show t h a t  s i l v e r  i od ide  p a r t i c l e s  r e l e a s e d  
from an  a i r p l a n e  a t  - 6 ~  l e v e l  caused d e t e c t a b l e  chances i n  t h e  quan- 
t i t y  of p r e c i p i t a t i o n ,  l a t e r a l  spread of p r e c i p i t a t i o n ,  frequency of 
l a r g e  thunderstorms o r  t h e  frequency of cloud-to-ground l i g h t n i n e  
s t r o k e s ,  although evidence w a s  t h e r e  t o  suggest  t h a t  s i l v e r  i od ide  
p a r t i c l e s  caused t h e  formation of p r e c i p i t a t i o n  echoes i n  clouds 
which would not  have developed echo n a t u r a l l y .  

As t h e  r e s u l t s  of t b e  f i r s t  phase suggested t h a t  t h e  microphysi-s 
of c louds p l ay  a nuch srcal ler  r o l e  than  p rev ious ly  thought i n  de t e r -  
mining t h e  q u a n t i t y  of r a i n f a l l ,  a new s e r i e s  of experiments ( l o ) ,  
( 1 ~ ) ~  (12 )  was s t a r t e d  t o  t e s t  t h e  va lue  of s i l v e r  i o d i a e  p a r t i e l e z  
f o r  modi f ica t ion  o r  convect ive clouds.  The most important changes 
were: reducing t h e  seedin;. -Tli.cht a l t i t u d e  t o  1000 t o  2000 f e e t  belo;- 



Fig, 3.7. In some orographic cumulus, cloud top temperature can be good 
indicators in stratifying the situations where AgI seeding 
would be most effective. The figure shows summary of obser- 
vations made during 1957-1958 with seeding orographic cumuli 
seeding in Arizona. As seen the likelihood of precipitation 
was greater on seeded days than on non-seeded days with the 
same cloud-top temperature (6 ) . 



cloud base along a l i n e  upwind, increas ing t h e  number of raingages 
f o r  b e t t e r  s e n s i t i v i t y  and se lec t ing  "seedable" days with more 
r e s t r i c t i o n .  The o v e r a l l  r e s u l t s  based on r a i n f a l l  measurements 
were again negative but were not s i g n i f i c a n t  enough t o  a t t r i b u t e  
t h e  apparent decrease t o  seeding e f f e c t s .  It should be recognized 
t h a t  these  t e s t s  used a s p e c i f i c  type of seeding on a s p e c i f i c  c l a s s  
of clouds and t h e  r e s u l t s  a s  such cannot be d i r e c t l y  extrapolated t o  
o the r  techniques, o ther  regions or  even other  clouds of s imi la r  
appearance. A number of s tud ies  (l), ( 2 ) ,  (21) ,  (8), based on 
measurements of cloud base, a l t i t u d e  of i n i t i a l  r adar  echo, echo 
heights  and cloud base temperature, have revealed t h a t  t h e  dominant 
p r e c i p i t a t i o n  i n i t i a t i o n  mechanism i n  convective clouds i n  Arizona 
i s  t h e  coalescence process. Perhaps techniques involving t h i s  
process may be more e f f e c t i v e  f o r  t h i s  region,  although t h e r e  a r e  
many clouds i n  t h i s  region i n  which p r e c i p i t a t i o n  i n i t i a t i o n  can be 
influenced by ice-nuclei seeding and some of which may not develop 
p r e c i p i t a t i o n  p a r t i c l e s  by t h e  coalescence process alone. 

3.2.4 Missouri (p ro jec t  k'hitetop) 

The Pro jec t  Whitetop seeding (1960-1964) on Missouri (23) ,  (241, 
(36) ,  (25) s-er cumuli was a randomized cloud seeding experiment 
with a d e t a i l e d  study of na tu ra l  r a i n  mechanisms i n  cumulus clouds, 
One of t h e  main considerat ions f o r  se lec t ing  southern Missouri was 
t h e  occurrence of a high frequency of non-orographic summer convective 
clouds i n  an a r e a  of uncontrolled a i rspace  l a r g e  enough t o  accommodate 
t h e  p ro jec t  research f l i g h t s .  Emphasis was placed. upon physica l  
measurements. The reasoning behind these  measurements w a s  t h a t  under 
s u i t a b l e  meteorological condit ions seeding would detec tably  a l t e r  
convective clouds and t h a t  fundamental research i n  cloud physics was 
required t o  i d e n t i f y  t h e  s u i t a b l e  condit ions.  The main measuring 
t o o l s  were ground based RHI radar ,  instrumented a i r c r a f t  f o r  cloud 
physics measurements and hydrometeor sampling, cameras f o r  cloud and 
stereophotography, i c e  nucle i  counters ,  a network of recording r a i n  
gages, and p i l o t  balloon observations every two hours f o r  plume 
mapping. C r i t e r i a  f o r  an opera t ional  day were based upon p r e c i p i t a b l e  
water up t o  t h e  500-mb l e v e l  and winds a t  4000 f t  MSL. Local winds 
were used t o  es t imate  t h e  downwind t ranspor t  of s i l v e r  iodide  and t o  
d iv ide  t h e  research a rea  i n t o  a plume, where it w a s  thought t h a t  
t h e r e  should be wind-transported s i l v e r  iodide ,  and a non-plume a rea ,  
f r e e  of s i l v e r  iodide.  

The primary r e s u l t s  from t h e  da ta ,  which were s t r a t i f i e d  according 
t o  d i f f e r e n t  weather condit ions (wind d i rec t ion  and echo h e i g h t s ) ,  
i n d i c a t e  an o v e r a l l  negative e f f e c t  of seeding. The days with low- 
l e v e l  south winds show a s t rong negative e f f e c t .  On these  storm days, 
both seeded and non-seeded, high concentrat ions of i c e  p a r t i c l e s  and 
snow p e l l e t s  were found i n  many clouds a t  temperatures as warm a s  -5C 
t o  -10C (22) .  These clouds evident ly  contain a na tu ra l  i c e  mechanism 



0
0

9
 

,0
08

 
W

 
I
 

U
 

2
0

0
7

 
J
 

_
1
 s $
0

0
6

 

Z
 

a
 2 
0

0
5

 

3
 

u
 $ 
0

0
4

 

I 10
 

0
0

3
 

9 t 0
0

2
 

00
1 0

7
 

11 
15

 
19

 
2

3
 

0
3

 
0

7
 

3
 H

O
U

R
S

 E
N

D
IN

G
, C

ST
 

o 
E

A
S

T-
C

E
N

TR
A

L 
IL

LI
N

O
IS

 N
E

TW
O

R
K

 
tf 

0
7

,
 

11
 

15
 

19
 

2
3

 
3 

H
O

U
R

S
 E

N
D

IN
G

,C
S

T 
b. 

LI
T

T
LE

 E
G

Y
P

T 
N

E
TW

O
R

K
 

O
FF

 
TA

R
G

ET
 

E
FF

E
C

T
S 

F
ig

. 
3

.8
. 

D
e

ta
il

e
d

 a
n

a
ly

si
s 

o
f 

P
ro

je
c

t 
W

h
it

et
o

p
 

d
a

ta
 h

a
s 

re
v

e
a

le
d

 n
um

be
r 

o
f 

c
o

m
p

le
x

it
ie

s 
th

a
t 

c
a

n
 

co
m

e 
o

u
t 

o
f 

w
ea

th
er

 m
o

d
if

ic
a

ti
o

n
 p

ro
g

ra
m

s.
 

O
ne

 
su

ch
 i

s
 t

h
e

 d
ow

nw
in

d 
e

ff
e

c
t 

o
f 

se
e

d
in

g
 

b
ey

o
n

d
 

th
e

 a
re

a
 o

f 
n

o
rm

al
 

ta
rg

e
t.

 
F

o
r 

ex
am

p
le

, 
E

a
st

 
C

e
n

tr
a

l 
Il

li
n

o
is

 n
et

w
o

rk
 

(E
. 

C
. 

I
. 

- 
1

s
t 

fi
g

u
re

),
 w

h
ic

h
 
is

 a
b

o
u

t 
29

0 
m

il
e

s 
aw

ay
, 

sh
ow

ed
 

d
e

fi
n

it
e

 d
e

c
re

a
se

s 
o

f 
ra

in
fa

ll
 

(2
n

d
 

fi
g

u
re

) 
in

 t
h

e
 n

e
x

t 
e

a
rl

y
 m

o
rn

in
g

 
fo

ll
o

w
in

g
 s

e
e

d
in

g
 w

h
ic

h
 w

as
 

a
ls

o
 t

h
e

 e
x

p
e

c
te

d
 t

im
e

 f
o

r 
se

e
d

in
g

 m
a

te
ri

a
l 

t
o

 l
e

a
c

h
 t

h
e

re
. 

B
ut

 
p

ro
n

o
u

n
ce

d
 

do
w

nw
in

d 
se

e
d

in
g

 e
ff

e
c

ts
 w

er
e 

a
ls

o
 f

o
u

n
d

 
in

 L
it

tl
e

 E
g

y
p

t 
n

et
w

o
rk

 
(L

E
N

 -
 1

s
t 

fi
g

u
re

) 
1

7
5

 m
il

e
s 

aw
ay

 
im

m
ed

ia
te

ly
 f

o
ll

o
w

in
g

 s
ta

rt
in

g
 

ti
m

e
 o

f 
W

h
it

et
o

p
 

se
e

d
in

g
 

(2
n

d
 f

ig
u

re
),

 w
h

ic
h

 
c

o
u

ld
 n

o
t 

b
e 

e
x

p
la

in
e

d
 a

n
d

 r
a

is
e

d
 t

h
e

 
q

u
e

st
io

n
 t

h
a

t 
E

C
I 

e
a

rl
y

 m
o

rn
in

g
 

e
ff

e
c

t 
m

ay
 

a
ls

o
 b

e 
d

u
e 

to
 s

am
p

li
n

g
 v

a
g

a
ry

 
(6

0
).

 



e f f e c t i v e  a t  t h e  temperature threshold  f o r  s i l v e r  iodide.  Evidence 
a l s o  ind ica tes  t h a t  these  i c e  p a r t i c l e s  perhaps arose  from hetero- 
geneous f reezing of raindrops t h a t  formed by coalescence, and t h a t  
t h e  a rea  seeding r e s u l t e d  i n  overseeding with a negative e f f e c t .  
There i s  s t rong evidence f r o r  Projec t  Whitetop experiments t h a t  on 
t h e  storm days with south wind p a r t i c l e  growth i n  cloud i s  dominated 
by coalescence processes and perhaps swmer cumuli i n  Missouri grow 
i n  air masses t h a t  contain e s s e n t i a l l y  maritime condensation nuc le i ,  
The days with low-level west winds showed evidence of p o s i t i v e  
e f f e c t s  during seeding hours, e spec ia l ly  on days with maximum echo 
height  between 20,000 and 40,000 f t  MSL. 

The complexities ( ~ i g .  3.8) of p r e c i p i t a t i o n  mechanisms revealed 
by t h e  Missouri experiments demand more study on a l l  t h e  va r iab les  
i n  order t o  improve s u b s t a n t i a l l y  our a b i l i t y  t o  produce use fu l  
modificat ion of cumuli. 

3.2.5 F lags ta f f  ( ~ r i z o n a )  

A randomized seeding experiment was conducted i n  recent  years  i n  
F lags ta f f ,  Arizona ( 8 0 ) ~  (50) ,  (51) ,  on i s o l a t e d  cumulus clouds. The 
p ro jec t  w a s  a p a r t  of P ro jec t  S k p ~ a t e r ,  sponsored by t h e  Bureau of 
Reclamation t o  develop q u a n t i t a t i v e  seeding techniques which can have 
economic benef i t  when applied t o  various loca t ions .  The most s i g n i f i c a n t  
r e s u l t  of t h i s  experiment was t h a t  of demonstrating seeding e f f e c t s  on 
i s o l a t e d  cumulus clouds with t h e  help of a simple numerical model incor- 
pora t ing both microphysics and dynamics, with i n i t i a l  emphasis on dyna- 
mics (Fig. 3.9). The r e s u l t s  of t h e  experiment indica ted  t h a t  t h e  
seeded clouds had s i g n i f i c a n t l y  higher v i s u a l  tops ,  radar  top ,  dura t ion 
and r a i n f a l l ,  a s  revealed by examination of t h e  observations alone and 
a l s o  by examination of t h e  seeding cases with t h e  model a id ing i n  
supplying con t ro l  information. The model (79 ) helped i n  s e l e c t i n g  
t e s t  clouds f o r  which dynamic e f f e c t s  were expected t o  be l a r g e ,  a s  
wel l  a s  i n  evaluation of r e s u l t s .  The clouds were c a r e f u l l y  se lec ted  
t o  f i t  t h e  requirements of t h e  l imi ted  model. The model predic ted  
t h r e e  gross f a c t o r s  which could be measured - t h e  maximum height ,  tke 
r a i n f a l l  amount, and t h e  r a i n f a l l  durat ion,  The bas ic  inpu t s  i n t o  the 
model a r e  t h e  environmental l apse  r a t e s  of temperature and humidity, 
t h e  updraft  r ad ius ,  t h e  cloud base height and assumed temperatures f o r  
n a t u r a l  and a r t i f i c i a l  g lac ia t ion .  The numerical model w a s  used with 
t h e  e a r l y  morning sounding t o  s e l e c t  ranges of cloud base diameters 
which would be expected t o  be p a r t i c u l a r l y  responsive t o  seeding, t h e  
f i n a l  s e l e c t i o n  being done on t h e  b a s i s  of aircraft-measured base s i ze  
and exis tence  of upcurrents .  Data obtained during 1967 and 1968 on 
microphysical processes i n d i c a t e  t h a t  i n  t h i s  region a l s o  t h e  warm 
r a i n  process i n i t i a t e s  p r e c i p i t a t i o n .  I n i t i a l  i c e  phase o r ig ina tes  i n  
t h e  decaying cloud regions and g r e c i p i t a t i o n  development occurs during 
t h e  clouds'  d i s s i p a t i n g  s tage .  Seeding with s i l v e r  iodide  produces 
nucle i  t h a t  a c t  pr imar i ly  by contact .  The p r i n c i p a l  e f f e c t  of seeding 
i s  dynamic and r e l a t e d  t o  l a t e n t  heat  r e lease .  



Fig ,  3,g .  Schematics of Arizona (~la~staff) convective seeding plan. 



Average r a i n f a l l  per gage per t e s t  case ( i n  inches) and 
seed/no-seed r a t i o s  i n  t a rge t  areas f o r  a l l  days of given type, 

Shower days 
SW-flow NW-f low 

North a rea ,  Seed N 0.039 0.036 
Seed S 0.027 0.025 

Seedlno-seed r a t i o  1 .4  1 .4  

South a rea ,  Seed S 0,072 
Seed N 0.012 

Seedlno-seed r a t i o  6.0 11 

Storm days 
SW-flow NW-f low 

North a rea ,  Seed N 
Seed S 

Seed/no-seed r a t i o  

South a rea ,  Seed S 
Seed N 

Seed/no-seed r a t i o  

TABLE 3-1 

Summary r e su l t s  of the  seeding experiment i n  South Dakota, showing 
de f in i t e  increase of r a i n f a l l  f o r  shower days. But f o r  storm days 
with northwest flow, there  seems decreases of r a i n f a l l  on seed da-ys 
and f o r  southwest flow it i s  not  conclusive (29). 



3.2.6 South Dakota 

I n  another p a r t  of P ro jec t  Skywater a randomized crossover a r e a  
seeding experiment was conducted near  Rapid Ci ty ,  South Dakota (29) ,  
(473 t o  t e s t  e f f e c t s  of a r t i f i c i a l  nuclea t ion  upon supercooled spr ing  
and summer convective clouds. The loca t ion  was se lec ted  t o  take  advan- 
t age  of t h e  rel ia .ble supply of convective clouds forming over t h e  Black 
H i l l s  during dayl ight  hours and d r i f t i n g  over t h e  p la ins .  There a r e  
two d i s t i n c t  p a t t e r n s  of shower occurrences near t h e  Black I i i l l s .  I n  
one t h e  shotrers move from t h e  southwest under t h e  inf luence  of south- 
wester ly  wind a l o f t  while i n  t h e  o the r  showers move from west o r  north- 
west under t h e  inf luence  of northwesterly wind a l o f t .  Accordingly, 
two p a i r s  of t a r g e t  a reas  were s e t  up i n  order  t o  reduce cross- target  
contamination. The t e s t  days were s t r a t i f i e d  i n  accordance wi th  t h e  
c r i t e r i a  of p r e c i p i t a b l e  water up t o  500-mb l e v e l ,  wind speed and 
d i r e c t i o n  a t  850-mb l e v e l ,  and v o r t i c i t y  advection around t h e  p r o j e c t  
a r e a ,  i n t o  four  ca tegor ies  of ( a )  very l i t t l e  r a i n ,  ( b )  s t r a t i f o r m  
cloud days, ( c  ) shower days, and ( d )  storm days. The seeding, which 
was r e s t r i c t e d  mostly t o  shower days and storm days, was conducted on 
t h e  b a s i s  of opportunity i n  t h e  updraf ts  under convective clouds con- 
taining l a r g e  q u a n t i t i e s  of supercooled water r a t h e r  than along f ixed  
t r a c k s  o r  a t  f ixed  t imes ( c . f .  Whitetop). Seeding operat ion w a s  
coordinated from a radar  f a c i l i t y  with s i x  r ada r s ,  ( f o r  d i r e c t i n g  
seeding, l o c a t i n g  seeding a i r c r a f t ,  t ime l apse  scope photography 
and providing q u a n t i t a t i v e  s i g n a l  i n t e n s i t y  d a t a ) .  

Usually t h e r e  were higher concentrat ions of i c e  nuc le i  i n  t h e  
seeded t a r g e t  than i n  the  unseeded t a r g e t ,  but under c e r t a i n  wind 
regime t h e r e  was evidence of cross-contamination. Instrumented a i r -  
c r a f t  penet ra t ion  of clouds near t h e  -10C l e v e l  ind ica ted  abundant 
ice c r y s t a l s  and snowflakes i n  seeded a reas  and l a r g e  q u a n t i t i e s  of  
supercooled water i n  unseeded areas .  Resul ts   a able 3-1) ind ica ted  
more r a i n f a l l  i n  t h e  seeded t a r g e t  a r e a  on shower days, but  r a i n f a l l  
was l i g h t e r  i n  seeded t a r g e t  a reas  on storm days. 

3.3 Review of Experiments: H a i l  Suppression 

The bas ic  condit ions required f o r  a ha i l s torm a re :  ( 1 )  Suff i -  
c i e n t l y  high updraf t  v e l o c i t i e s  t o  support t h e  stones during t h e i r  
growth, ( 2 )  accumulation of supercooled l i q u i d  water ,  and ( 3 )  a 
p e r s i s t e n t  updraf t  t o  permit t h e  s tones  s u f f i c i e n t  time t o  grow. 
The present  approaches t o  h a i l  modificat ion a r e  t o  produce more 
minute i c e  p a r t i c l e s  by adding f reez ing nuc le i  and thus  promote 
the growth of more ha i l s tones  of smaller  s i z e ,  o r  t o  overseed as 
r~ueh a s  poss ib le  of the  supercooled p a r t  of t h e  cloud i n  order  t o  
y e v e n t  t h e  growth of h a i l  by accre t ion  of supercooled d rop le t s .  
The experiments i n  h a i l  suppression may broadly be c l a s s i f i e d  i n  
tw phases, t h a t  of e a r l i e r  experiments with i n d i r e c t  assessment 
of r e s u l t s  wi th  seeding done from ground, and t h e  second phase wi th  
t h e  advent of r ada r  f o r  monitoring storms and t h e  use of a i r c r a f t  f o r  
seeding and measurements. 



3.3.1 Early Experiments 

France: The French h a i l  suppression e f f o r t  began i n  1951 and 
was conducted on an opera t ional  b a s i s  using ground based s i l v e r  
iodide  generators (31) .  I n  1959 t h e  experiment was reorganized and 
t h e  charcoal s i l v e r  iodide burners used previously were replaced by 
burners consuming s i l v e r  iodide  i n  acetone solut ion.  The generators 
were d i s t r i b u t e d  over t h e  southwestern p a r t  of France, where most 
damaging hailstorms occur. The p ro jec t  w a s  non-randomized and t h e  
e f f e c t  was estimated by comparing t h e  r a t i o  of t h e  h a i l  insurance 
l o s s e s  paid out t o  t h e  insured c a p i t a l  f o r  t h e  period seeded with 
t h e  r a t i o  i n  t h e  pas t .  The ana lys i s  indica ted  a reduction i n  h a i l  
damage f o r  t h e  seeded period as compared t o  e a r l i e r  periods,  but  a 
comparison by another inves t iga to r  of t h e  same r a t i o  with t h a t  i n  
regions outs ide  t h e  seeded a r e a  indicated  h a i l  damage increases  i n  
t h e  t a r g e t  area .  An ana lys i s  on a s t a t i s t i c a l  b a s i s  (26) has a l s o  
y ie lded inconclusive r e s u l t s .  It has been emphasized t h a t  ve r i f i ca -  
t i o n  of physical  e f f e c t s  must a l s o  be done f o r  such parameters a s  
number of i c e  nuc le i ,  i c e  c r y s t a l s  and h a i l  embryos, water content 
and updraft  ve loc i ty .  

Argentina: The randomized experiment conducted over t h e  province 
of 1,lendoza ( 4 0 ) ,  (46)  f o r  f i v e  seasons (1959-64) was aimed at f inding 
i f  cloud seeding can s i g n i f i c a n t l y  reduce t h e  h a i l  damages sustained 
by vineyards i n  t h i s  area .  The seeding was conducted with s i l v e r  
iodide  generators on t h e  ground and t h e  r e s u l t ,  analyzed on average 
percent damage, indica ted  l e s s  h a i l  on days with f r o n t a l  storms but 
more days with i s o l a t e 2  h a i l .  The primary meteorological da ta  
u t i l i z e d  t o  fo recas t  h a i l  were t h e  v e r t i c a l  s t a b i l i t y  index and 
p o t e n t i a l  s t a b i l i t y  index (tempera,ture d i f ference  between environ- 
ment and pa rce l  a t  500-mb l e v e l  and corresponding d i f fe rence  of 
equivalent  p o t e n t i a l  temperature) and the  v e r t i c a l  wind shear.  

Switzerland: The main Swiss h a i l  suppression experiment 
" ~ r o s s v e r s u c h  111" (67) was a l o n ~  one, conducted f o r  seven years  
(1957-63) with ground based s i l v e r  iodide  generators on a randomized 
b a s i s  on se lec ted  t e s t  days. Results  indica ted  t h a t  seeding was 
e f f e c t i v e  i n  inc reas ing  t h e  number of h a i l  days, even when da ta  
were s t r a t i f i e d  according t o  d i f f e r e n t  zones from t h e  p l a i n s  t o  
t h e  high Alps. Addit ional  c l a s s i f i c a t i o n  according t o  weather 
s i t u a t i o n  (no storm, cold f r o n t ,  l o c a l  thunderstorm, barrage s i t u a -  
t i o n  and more than one storm s i t u a t i o n )  again indicated  more h a i l  
days with seeding than without seeding on a l l  types of days. Furtkier 
c l a s s i f i c a t i o n  according t o  maximum wind a t  5500 m above sea  l e v e l  
a l s o  indicated  an increase  of h a i l  days associa ted  with high wind 
v e l o c i t i e s  on seeded days  able 3-2). No ana lys i s  was done on t h e  
b a s i s  of damage i n f l i c t e d .  Analyses of dura t ion,  a r e a l  extent  and 
i n t e n s i t y  of h a i l f a l l  indica ted  no s i g n i f i c a n t  change by seeding, 
but  t h e r e  were s t rong ind ica t ions  of r a i n f a l l  increases  wi th  t h e  



HAIL INCIDENCE ON SEEDED AND NOT SEEDED TEST DAYS 

Tota l  t e s t  Area 20 23 38 61 <. 04 

Tota l  no. of t e s t  days 147 145 

FREQUENCIES OF DAYS WITH HAIL I N  TOTAL TEST AREA I N  DIFFERENT KINDS 

OF GENERAL WEATHER SITUATIONS 

Cold f ron t  I 5 0.11 1 4 5  6 0.13 

General Weather S i tua t ion  

No storm s i t u a t i o n  

Local thunderstorms 6 0.21 1 31 10 0.32 

Barrage s i t u a t i o n  1 30 
2 0.07 1 22 5 0.23 

Without Seeding 
No. of Ha i l  Days 

Test 
Days No. Frequency 

24 0 0.00 

With Seeding 
No. of Hai l  Days 

Test  
Days No. Frequency 

22 0 0.00 

FREQUENCIES OF DAYS WITH HAIL I N  TOTAL TEST AREA ACCORDING TO 

DIFFERENT W I N D  VELOCITIES AT 5500 m ABOVE SEA LEVEL 

More than one storm s i t u a t i o n  

To ta l  

TABLE 3-2 

Swiss h a i l  suppression experiment ind ica ted  increase  of h a i l  days even 
when the  da ta  a r e  s t r a t i f i e d ,  according t o  d i f f e r e n t  zones from p l a i n s  
50 i i i i l s  (1st t a b l e ) ,  o r  according t o  weather s i t u a t i o n  (2nd t a b l e ) ,  o r  
according t o  maximum wind v e l o c i t y  a t  5500 m A.S.L. (3rd t a b l e )  (67).  

20 10 0.50 

147 23 0.16 

25 17 0.68 

145 38 0.26 



seeding. The r a i n f a l l  increases  were s t a t i s t i c a l l y  s i g n i f i c a n t  on days 
with cold f r o n t  and barrage days i n  a l l  sec t ions  but  not on days w i t h  
l o c a l  thunderstorms o r  more than one storm s i t u a t i o n .  

3.3.2 Advent of Radar and Ai rc ra f t  Seeding 

: The Kericho a rea  of Kenya (Fig. 3.10) may have t h e  
highest  h a i l  incidence of any loca t ion  i n  t h e  world. Of about 200 
thunderstorm days per year ,  85% of t h e  cases have h a i l .  The experi- 
mental region i s  c lose  t o  t h e  equator and i s  a c t u a l l y  i n  t h e  t r o p i c s  
but because of t h e  e leva t ion ,  which i s  nowhere l e s s  than 6000 f t ,  it 
has a temperate cl imate.  There i s  very l i t t l e  f l u c t u a t i o n  of tem- 
pera ture ,  which seldom exceeds 853'. 

Studies on cloud development here have indicated  t h a t  h a i l  
production can be explained i n  t h e  majori ty of cases by a hai ls torm 
model s imi la r  t o  an air mass thunderstorm. I n  i t s  simple form, t h e  
a i r  which r i s e s  t o  t h e  h a i l  formation zone i s  along t h e  t r a i l i n g  
edge of t h e  main cloud mass under t h e  f r e s h  t u r r e t s  t h a t  have varying 
degrees of v e r t i c a l  development. There i s  another type i n  which 
s i n g l e  cumulus c e l l s  organize themselves i n t o  systems which exh ib i t  
squa l l  l i n e  c h a r a c t e r i s t i c s .  I n  t h i s  case ,  t h e  main inflow i s  along 
t h e  leading edge (Fig. 3.11). 

An e a r l i e r  experiment i n  t h i s  a r e a  (57) with I t a l i a n  an t i -ha i l  
rockets  suggested reduction i n  h a i l  i n t e n s i t y  est imated on t h e  records 
of damage t o  t h e  t e a  crops. Further experiments from 1967, (44), 
(42),  (43) were conducted by Atmospherics, Incorporated, Ca l i fo rn ia ,  
U. S. A . ,  with a i r c r a f t  seeding by s i l v e r  iodide  pyrotechnic devices,  
The average l o s s  i n  made t e a  per h a i l  ins tance  on seed days was 41% 
of t h e  average damage due t o  unseeded storms. Comparison with 
h i s t o r i c  period a l s o  indicated  much reduction of l o s s e s  on seeded 
ins tances .  

The radar  da ta  suggest t h a t  wel l  defined and high i n t e n s i t y  
p r e c i p i t a t i o n  zones of unt rea ted  storms o f ten  spread out  and produce 
l e s s  in tense  p r e c i p i t a t i o n  f o r  a longer period subsequent t o  seeding, 
The radar  has proven an indispensable t o o l  t h a t  suppl ies  information 
on t h e  b i r t h  a reas  of thunderstorms, r a t e s  of growth, speed and 
d i rec t ion  of movement, inflow a rea ,  areas  of ha i l s tone  growth, posi- 
t i o n s  of high r e f l e c t i v i t y ,  durat ion of p r e c i p i t a t i o n  and a r e a l  
d i s t r i b u t i o n  of h a i l  on t h e  ground. 

Colorado: Northeastern Colorado i s  near t h e  center  of maximum 
hailstorm frequency i n  the  United S t a t e s ,  which i s  located  at t h e  
junction of t h e  borders of Colorado, Wyoming and Nebraska. A pro- 
gram f o r  reducing h a i l  was conducted a s  e a r l y  as 1951 and again i n  
1958 but without any clear-cut  evidence of ef fec t iveness .  I n  1959, 
(611, (62) a program was i n i t i a t e d  by t h e  Northeast Colorado Hail 
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Fig. 3.10. Location of the hail suppression project in Kenya (43) .  



HAILSTONE BIR 
8 GROWTH AREA 

HAILSTONE BlRT 

Fig. 3.11. Simplified drawings showing inflow and outflow of the air 
mass and squall line thunderstorn, the two najor types 
producing hail in Kenya. They are similar to the hail 
producing thunderstorms of the Great Plains of the 
United States (43). 



Sxppression Association to determine if an operational program of 
tail suppression was effective in reducing hail occurrences and also 
do determine the effect on precipitation amounts of the cloud seeding 
measures taken during the program, The data indicated apparently 
fsvorable results from the cloud seeding on some occasions. There 
were ~tlso some cases with an apparently unfavorable effect on hail 
associated with the cloud seeding, A comparison of hail events 
indicated reduction in hail impact energy associated with seeding 
althoilgh not very significant . 

k further hail sunpression program using randonization was taken 
ap.dllring 1962, 1963 and 1964, (63) by Colorado State University. Test 
cases available were too linited to permit any conclusion concerning 
effectiveness of cloud seeding in reducing hail dcmage, but there was 
a difference between seed and no-seed cases in most occasions. The 
prinzipal observations carried out from the ground were radar echo 
top, niaximum radar reflectivity, height of maximum reflectivity and 
areal coverage  able 3-3). Photographic observations on clouds were 
done by conventional and time-lapse cameras. Extent and intensity of 
hail and the maximum size of stones were determined by field surveys. 
Tilot balloon observations were carried out to determine airflow. In 
addit~on to the photographic observations on clouds, measurevents from 
aircraft gave outside air temperature, vertical speed and nuclei count. 

Xorthern Great Plains: Experiments conducted around the Rapid 
City ires of South Dakota with Project Hailswath (64) indicated that 
the area covered by hail and the impact energy from hail were decreased 
3y seeding but that the total rainfall and volume of small hail were 
tncreased. Further analysis (65, (66) was done with hail days asso- 
cieted with other projects during the period of 1966 to 1369 to test 
effects of silver iodide seeding upon convective storms. The analysis 
based on hail impact energy estimated from passive indicators suggested 
that seeded hailstorms were less intense and fewer in number than 
~~nseeded storms. The seeding was generally conducted by releasing 
300 gm silver iodide per hour below the bases of small storms and in 
ergant zed updrafts ahead of large storms. 

Feeder clouds (~ig. 3.12) are one of the striking phenomena 
associated with the hailstorms of this region. Each feeder cloud 
grows rapidly as it approaches and merges with the main cumulonimbus 
cloud mass, usually at its southwest side. Radar echoes are usually 
mticed in a feeder cloud just before its merger and the merger 
;;enerally is followed by an upsurge of storm activity with a burst 
sf heavy rain and hail at the ground. Simple computer modeling of 
hailstone growth in feeder clouds has been done ( 5 5 ) .  Basic inputs 
l o r  t ? e  model were temperature, pressure and mixing ratio profile, 
:iquid water content and updrafts. The model indicated hail formation 
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Pig. 3.12. An EGE-WSW cross-section through typical hailstorms of 
western South Dakota. Bail of sufficient size to reach 
ground is likely whenever Ze as shown on figure exceeds 
50 dBz (28). 



f o r  updraf ts  g rea te r  than 12 m/sec; stom. r o t a t i o n ,  s loping updraf t ,  
and strong wind shear,  which a r e  observed sometimes i n  hai ls torms,  
a r e  not e s s e n t i a l  f o r  formation of h a i l .  

3.3.3 Experiments i n  t h e  Soviet Union 

The g r e a t e s t  enthusiasm f o r  h a i l  suppression emanates from t h e  
U.S .S.R. Their experiments (9), (73) have a t t r a c t e d  wide a t t e n t i o n  
because of t h e i r  l a r g e  magnitude and t h e  spec ia l  seeding technique 
of shooting s i l v e r  iodide  d i r e c t l y  i n t o  h a i l  clouds. The h a i l  con-. 
t r o l  experiments a r e  ca r r i ed  out i n  t h e  Valley of Georgia and 
t h e  Kabardinian-Balkarian region. Their approach i s  t o  i d e n t i f y  pre- 
c i s e l y  the  region i n  a convective cloud where h a i l  i s  beginning t o  
form, 'and then place  s i l v e r  iodide  c r y s t a l s  i n  t h a t  spot by means 
of a r t i l l e r y  s h e l l s  ( ~ i g .  3.13). Their p red ic t ion  method i s  base6 
on t h e  concept t h a t  a g rea t  accmi.ulation of supercooled water i s  
required f o r  h a i l  formation. Radar observations have indicated  
updraft  maxima i n  the  middle l e v e l  of h a i l  clouds and decreases 
upward, a v e l o c i t y  p r o f i l e  t h a t  i s  s a i d  t o  favor  storage of super- 
cooled water above t h e  maximum updraf t .  Ident i fy ing such regions 
with r a d a r ,  they have claimed 97% accuracy i n  detec t ing t h e  clouds 
t h a t  a r e  producing ha i l s tones .  

Most of t h e  h a i l  modification work i n  t h e  U.S.S.R. has been 
based on a cloud model t h a t  requires  a s  e s s e n t i a l  condit ions f o r  
h a i l  formation, ( i)  thermal i n s t a b i l i t y  through 3 t o  4 km depth of 
atmosphere, (ii) l a r g e  v e r t i c a l  extent  of cloud of 6 t o  8 km, 
(iii) development of clouds t o  temperature l e v e l  of -12 t o  - 1 6 ~  and, 
( i v )  s t rong v e r t i c a l  v e l o c i t i e s  of 10 t o  20 m sec-l l a s t i n g  long 
enough t o  allow l a r g e  q u a n t i t i e s  of l i q u i d  water t o  accumulate above 
t h e  l e v e l  of maximum updraft  speed. Some of t h e i r  s tud ies  ind ica te  
t h a t  h a i l  can be forecas t  on t h e  b a s i s  of r adar  observations t h a t  
ind ica te  r e f l e c t i v i t i e s  g rea te r  than some f ixed  value,  high reflee-. 
t i v i t y  areas  exceeding 3 km i n  depth and located  i n  t h e  upper p a r t  
of clouds and mostly i n  the  region of temperature l e s s  than O C ,  and 
t h e  echo top  exceeding 9 km with a thickness of more than 6 km. 

The experimental design (non-randomized) does not allow f o r  
adequate s t a t i s t i c a l  evaluation but t h e  empirical  evidence has con- 
vinced them t h a t  t h e  r e s u l t s  a r e  highly e f f e c t i v e  i n  reducing h a i l  
losses  t o  crops. It is claimed t h a t  t h e r e  has been no experiment 
with negative r e s u l t s  ( h a i l  inc rease ) .  The e f f e c t s  a r e  manifested 
by ( i)  t h e  decrease of r adar  r e f l e c t i v i t y  of t h e  h a i l  formation 
zone; (ii) a few minutes a f t e r  t h e  p r o j e c t i l e  explosion i n  t h e  cloud, 
t h e  h a i l  formation zone t h i n s  ou t ,  expands i n  i t s  lower p a r t s ,  top  
of t h e  r e f l e c t i o n  zone descends, and i n  some cases ,  completely 
col lapses  ; (iii ) i n  some cases ,  v i s u a l  observations i n d i c a t e  r i f t s  
o r  d i s in tegra t ion  of t r e a t e d  clouds; and ( i v )  i n  t h e  region of 



Experiment i n  U . S . S .R . 
3.13. I n  one s e t  of Soviet experiments, lt was aimed a t  preventing 

h a i l  formation by seeding ea r ly  i n  t h e  l i f e  of t h e  cloud. The a r t i l l e r y  
shells were f i r e d  i n t o  t h e  cloud a t  about t h e  - 6 ~  l e v e l ,  t h e  region of 
t h e  cloud where supercooled l i q u i d  water was expected t o  be concentrated 
i n  she form of l a r g e  drops. 

@ Large drople t  zone; @ height  of cloud; @ small drople t  
f r a c t i o n ,  and @ ve loc i ty  of updraf t ;  ( 9 ) .  



explosion of t h e  p r o j e c t i l e s ,  t h e  h a i l f a l l  s tops  and p r e c i p i t a t i o n  
reaches t h e  ground as graupel o r  r a i n .  Ver i f i ca t ion  of t h i s  l a s t  
e f f e c t  c o n s t i t u t e s  t h e  bas ic  method of checking. 

A s  can be seen, extensive use has been made of radar  i n  studying 
t h e  process of cloud developm.ent and p rec ip i t a t ion .  Both X-band and 
dual  wavelength radar  (X- and S-band) have been used. These deter-  
mined t h e  v e l o c i t i e s  of ascending cur ren t s ,  loca t ion  of h a i l  cen te r s  
i n  convective clouds with proper coordinates f o r  con t ro l ,  dimensions 
and evolution of r e f l e c t i o n  zone and s i z e  of h a i l  p a r t i c l e s  i n  cloud 
and t h e i r  concentrat ions.  

3.3.4 Current Plans 

Several  groups i n  t h e  United S t a t e s  a r e  p a r t i c i p a t i n g  i n  t h e  
National Hail  Research Experiment, a f i e l d  experiment i n  nor theas tern  
Colorado. The primary aims of the  p ro jec t  a re :  ( i)  t e s t i n g  t h e  pre- 
d i c t i o n  of numerical models with f i e l d  observations,  (parameters f o r  
such comparison w i l l  be cloud base, cloud top,  cloud temperature, 
updraf t  ve loc i ty ,  updraft  r ad ius ,  cloud water, hydrometeors, radar  
r e f l e c t i v i t y  and height  of maxi~um r e f l e c t i v i t y ) ;  (ii) study of radar  
r e f l e c t i v i t y  p r o f i l e  using d i f f e r e n t  wavelength radars ,  (iii) study 
of updraf t  p r o f i l e  i n  thunderstorms using observations from a i r c r a f t  
and dropsondes; ( i v )  h a i l f a l l  evaluation and mapping by in f ra red  
radiometer o r  time l apse  camera; and ( v )  study of c o r r e l a t i o n  between 
i c e  nucle i  temperature spectrum and h a i l  incidence. The program i s  
expected t o  y i e l d  g rea te r  ins igh t  i n t o  h a i l  fo rna t ion  processes and 
t h e  e f f e c t s  of modification treatment.  

Review of Experilll.ents: Lightning Suppression 

Lightning i s  t h e  outstanding cause of f o r e s t  f i r e s  i n  t h e  fo res ted  
a reas  of t h e  western and midwestern United S ta tes .  These f i r e s ,  a s ide  
from threatening human l i f e  and property,  damage t h e  resources of the  
f o r e s t  including timber, forage ,  water ,  w i l d l i f e  and rec rea t ion .  There 
have been two approaches t o  l igh tn ing  suppression; one i s  t h e  modificat ion 
of t h e  e l e c t r i c a l  s t r u c t u r e  of thunderstorms by means of s i l v e r  iodide  
seeding and t h e  o the r  i s  modificat ion of a l igh tn ing  discharge i n t o  a 
corona discharge. Only t h e  former type of experiment i s  described 
here.  

3.4.1 Montana (Skyf i re )  

The experiment i n  t h i s  region (39) ,  ( 3 8 )  was intended t o  inves t i -  
ga te  t h e  p o s s i b i l i t y  of preventing o r  reducing t h e  number of l igh tn ing  
f i r e s  ( ~ i ~ .  3.14) and t o  obta in  a b e t t e r  understanding of t h e  occurrence 
and c h a r a c t e r i s t i c s  of l igh tn ing  storms and l igh tn ing  f i r e s  i n  t h e  
northern Rocky Mountain region.  There a r e  not ye t  any s a t i s f a c t o r y  
hypotheses f o r  l igh tn ing  modificat ion and, although we have some 
desc r ip t ions  of physica l  processes involved i n  l igh tn ing  discharges,  
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t h e r e  i s  no explanation a s  ye t  of t h e  e f f e c t  of hydrometeors on t h e  
discharge processes. There i s  s t rong evidence t h a t  t o t a l  l igh tn ing  
a c t i v i t y  within a thunderstorm i s  c lose ly  associa ted  with precipi -  
t a t i o n ,  which i n  t u r n  i s  cor re la ted  with storm development. There 
were hypotheses based on labora tory  experiments t h a t  conversion of 
.supercooled drops t o  i c e  c r y s t a l s  could i n i t i a t e  corona discharge 
and l i m i t  t h e  maximum p o t e n t i a l  gradient  within clouds and thus  
i n h i b i t  t h e  start of a cloud-to-ground discharge. 

The r e s u l t s  from t h e  individual  storm da ta  i n d i c a t e  a decrease 
of f l a sh ing  r a t e s  and of s t roke  durat ion t h a t  could be a t t r i b u t e d  t o  
&ding, suggesting s t rongly  t h a t  massive seeding with i c e  forming 
nucle i  a l t e r s  t h e  frequency and character  of l igh tn ing  i n  mountain 
thunderstorms. The primary measurements were of e l e c t r i c  f i e l d s ,  
luminosity, and l igh tn ing  photograpby. For b e t t e r  ana lys i s  t h e  
observed and ca lcula ted  parameters des i rab le  were: frequency of 
cloud, cloud-to-ground and t o t a l  l igh tn ing ;  e l e c t r i c  moment of cloud- 
to-ground discharge;  e l e c t r i c  charge t r a n s f e r r e d  by cloud-to-ground 
discharges;  height  of negative charge cen te r ;  number of s t rokes  
within a f l a s h ;  e l e c t r i c  moment of s t rokes ;  number of discharges with 
a p e r s i s t e n t  current  flow; height of i n i t i a l  radar  echo; r a t e  of 
growth of radar  echo; maximum height of v i s i b l e  cloud tops  and r a t e  
of growth of v i s i b l e  cloud tops ;  of which only a few could be t e s t e d  
i n  t h e  experiment conctucted. Along with t h e  e x p e r i ~ e n t  simple 
numerical models were t e s t e d  and modified t o  include l igh tn ing  a s  
one of t h e  predic ted  va r iab les .  

3.5 Conclusion 

The h i s t o r y  of weather modificat ion i s  mainly t h e  h i s t o r y  of 
at tempts t o  modify convective clouds. An enormous amount of work 
has been done on p r e c i p i t a t i o n  mechanisms i n  convective systems and 
t h e i r  modificat ion,  of which only a few i n t e r e s t i n g  cases have been 
c i t e d  here,  but  our understanding i s  s t i l l  f a r  shor t  of what i s  
required  t o  modify clouds i n  t r u l y  i n t e l l i g e n t  fashion.  The know- 
ledge gained i s  opening up t h e  e r a  of simple numerical model com- 
puta t ion,  which i s  advancing our understanding of convective systelris 
and t h e  e f f e c t s  of modification processes upon them. The numerical 
models have t h e  c a p a b i l i t y  t o  def ine  more p rec i se ly  t h e  measurements 
required  of d i f f e r e n t  meteorological parameters and can a l s o  t e s t  
new systems of observations before any c o s t l y  program i s  undertaken 
on a l a r g e  sca le .  

The experimental procedure i n  d i f f e r e n t  regions v a r i e s  widely 
depending upon t h e  object ive ,  geographic loca t ion ,  l o c a l  weather, and 
ava i l ab le  f a c i l i t i e s .  Emphasis dn d i f f e r e n t  meteorological measurements 
and cloud observations vary accordingly. Although t h e  o v e r a l l  synoptic 
s i t u a t i o n s  cannot be ignored, t h e  mesoscale systems usua l ly  p lay  t h e  
primary r o l e  ( ~ i g .  3.16). I n  some cases l o c a l  f e a t u r e s  may dominate. 



F i g ,  3 -15. Looking dobm on s c a t t e r e d  cumulus clouds from an a l t i t u d e  
of  about 60,000 f t .  High reso lu t ion  cloud da ta  could be 
used t o  monitor t h e  e f f e c t  of man's attempt t o  modify cloud 
and weather (33 ) , (48 ) . 

Photo: National  Severe Storm Lab. ESSA, Norman, Oklahoma 



20 1400 CST 1 ) 28 MAY 19.7 

Fig. 3.16. An adequate description of atmospheric variables at an appropriase 
scale is essential for the understanding and modification of convective sys-cems, 
The conventional synoptic networks are completely inadequate for the purpose and 
the mesoscale network is an approach to solve this problem. Above is an exmiple 
from National Severe Storm Laboratory network showing hourly frontal (heavy solicl:  
and meso-system (heavy dashed) boundaries, radar echo position and intensity 
(contour interval 10 db) and surface winds ( ~ a y  28, 1967). Bold dots designt i te  
rawinsonde sites. Dashed circle indicates lower range limit in radar :?4 ) ,  



Soundings at close spacing at frequent intervals during the whole 
period of an experiment would be the pri~ary need. This would include 
temperature and humidity profiles of the whole troposphere and wind 
aloft. Observations on clouds has next priority, (~ig, 3.15 ); they 
vould include anount and type of cloud together with horizontal and 
vertical dimensions, temperature of top and base, growth rate, and the 
type and rate of precipitation. Finally, identification of updraft 
regions and measurement of their strength will determine the seeding 
~reatment employed. 

Irrespective of the cloud parameters that one considers, there is 
urgent need for better measurements of each parameter such as humidity, 
temperature, vertical velocity, nuclei characteristics, drop size 
distribution, liquid water content and the cloud-electrical param- 
eters, which also demands better vehicles and platforms for 
carryin? instruments. 

In the table following we have tried to outline the measurements 
and observations of principal meteorological parameters with expected 
accuracy and frequency as visualized presently. 

14ost of these observations are obtained at present by visual, 
photo~raphic, radar, radiosonde and other types of sounding, pilot 
balloons, rain gages, hailpads and hail sensors, aircraft penetration 
by instrumented aircraft, etc. Doppler radar are providing a new 
category of detailed observational data on cloud kinematics in the 
field of indirect probing. Laser techniques as well as new optical 
techniques are also being tried that measure drop sizes without 
distortion by collecting surfaces. 



TA
B

LE
 

3-
4 

R
e

p
e

ti
ti

o
n

 
V

e
rt

ic
a

l 
M

ea
su

re
m

en
ts

 
o

r 
ti

m
e

 
R

e
so

lu
ti

o
n

 
S

p
ac

in
g

 
o

b
se

rv
a

ti
o

n
s 

A
cc

u
ra

cy
 

(h
r )

 
(m

e
te

rs
 ) 

(k
m

 
R

em
ar

ks
 

P
ri

o
ri

ty
 

1
 

T
em

p
er

at
u

re
 

+ 
0.

5C
 

3 
1

0
0

 
1

0
 

R
eq

u
ir

em
en

t 
in

 s
om

e 
c

a
se

s 
m

ay
 

de
m

an
d 

o
b

se
rv

a
ti

o
n

s 
e

v
e

ry
 h

o
u

r.
 

N
u

m
er

ic
al

 
m

o
d

el
s 

m
ay

 
re

q
u

ir
e

 o
b

se
r-

 
v

a
ti

o
n

s 
a

t
 i

n
te

rv
a

ls
 o

f 
0

.2
 

h
r 

si
m

il
a

r 
t

o
 c

lo
u

d
 

u
p

d
ra

ft
 

o
r 

to
ta

l 
w

a
te

r 
c

o
n

te
n

t.
 

P
re

c
ip

it
a

b
le

 w
a

te
r 

o
r 

+
1
 mm

 
h

u
m

id
it

y
 l

a
p

se
 r

a
te

 
-l

O
.g

C
 

W
in

d 
a

lo
ft

 
a

. 
D

ir
e

c
ti

o
n

 
+l

o0
 

b
. 

S
p

ee
d

 
2

0
.2

 
m

 
se

c-
I 

H
ei

g
h

t 
o

f 
to

p
 o

f 
cl

o
u

d
 

+
5

0
 m

 
C

o
u

ld
 b

e 
s

e
le

c
ti

v
e

 d
ir

e
c

te
d

 
sa

m
p

li
n

g
 o

f 
s

in
g

le
 c

lo
u

d
 d

o
n

e 
w

it
h

 t
e

m
p

e
ra

tu
re

 s
e

n
so

rs
. 

P
re

c
ip

it
a

ti
o

n
 

a
. 

Ty
-p

e 
b

. 
R

a
te

 
1
 

In
 c

a
se

s 
c

o
n

ti
n

u
o

u
s 

re
c

o
rd

 
1
 

p
re

fe
rr

e
d

. 

C
lo

u
d

 u
p

d
ra

ft
 

--
 

Id
e

n
ti

fi
c

a
ti

o
n

 o
f 

re
g

io
n

 
o

f 
u

p
d

ra
ft

 a
n

d
 
i
t
s

 d
im

en
si

o
n

 
i
s

 r
e
q
u
i
r
e
d
.
 

C
l n

u
d
 p
h
a
s
e
 

+
0

,3
 

0
-
1
 

M
a
d
e
 
i
n
 a
c
t
i
v
e
 g

ro
w

th
 r

e
g

io
n

 



M
e
a
s
u
r
e
m
e
n
t
s
 o
r 

8
 

T
o

ta
l 

w
a

te
r 

c
o

n
te

n
t 

5
0

.1
 g
m
 m

'""
3 

9 
C

lo
u

d
 p

a
rt

ic
le

 s
iz

e
 

f
l

 m
ic

ro
n

 
(

~
o

d
a

l d
ia

m
e

te
r 

an
d

 
sp

re
a

d
 ) 

R
e

p
e

ti
ti

o
n

 
V
e
r
t
i
c
a
l
 

-I; 
im

e 
R

e
se

~
lu

ti
o

n
 
S
p
a
c
i
n
g
 

a
 (m

e
te

rs
 ) 

(
h
)
 

1
0

 
A

er
o

so
l 

m
ea

su
re

m
en

ts
 

a
. 

G
ia

n
t 

c
o

n
d

e
n

sa
ti

o
n

 
n

u
c

le
i 

+o
. O

l/
li

te
r 

6 
b

. 
F

re
e

z
in

g
 n

u
c

le
i 

f
l/

li
t e

r
 

6 

1
1
 

Lo
w

 
le

v
e

l 
u

p
c

u
rr

e
n

t 
k

0
.1

 m
 

se
c"

 
1
 

1
2

 
H

a
il

 
a
. 

S
iz

e
 

b
. 

E
n

er
g

y
 

1
3

 
E

le
c

tr
ic

a
l 

a
c

ti
v

it
ie

s
 

a
. 

L
ig

h
tn

in
g

 
st

ro
k

e
s 

) 
b

. 
S

fe
ri

c
s

 f
re

q
u

en
cy

 
) 

an
d

 s
tr

e
n

g
th

 
) 

c
. 

S
p

ac
e 

c
h

a
rg

e
 

) 
+l

o%
 

d
. 

F
ie

ld
 s

tr
e

n
g

th
 

) 
ch

an
g

e 
1 

e
. 

E
le

c
tr

ic
 f

ie
ld

 
1 

C
o

n
ti

n
u

o
u

s 

0
\ 

Re
ma
rk
s 

Or
, 

1
5

 
R

eq
u

ir
ed

 o
n

ly
 f

o
r 

o
p

e
ra

ti
o

n
 

w
it

h
 g

ro
u

n
d

 
g

e
n

e
ra

to
rs

. 

1
 

S
p

ac
in

g
 r

e
q

u
ir

e
d

 m
ay

 
b

e 
q

u
it

e
 

1
 

lo
w

 d
ep

en
d

in
g

 o
n

 h
a

il
sw

a
th

 



References 

Ackerman, B., 1960: Orographic-convective p r e c i p i t a t i o n  a s  revealed 
by radar .  Physics of P r e c i p i t a t i o n ,  
No. 5, 79-85, Amer. Geophy. Univ., Washington, D .  C .  

Battan, L. J., 1953: Observations on t h e  formation and spread 
of p r e c i p i t a t i o n  i n  convective clouds. J. Meteor., - 10,  311-322, 

Battan, L. J . ,  and C.  H. Reitan,  1957: Droplet s i z e  measurements 
i n  convective clouds. A r t i f i c i a l  St imulat ion of Rain, 184-1-91, 
Pergamon Press.  

Battan, L. J., and A. R .  Kassander, 1959: Seeding of summer 
cumulus clouds. S c i e n t i f i c  Report 170. 10 : F i n a l  Report 
t o  NSF  r rant No. NSF-5607)~ Univ. Arizona, I n s t .  Atmos, 
Phys . 

Battan, L. J . ,  and A. R .  Kassander, 1960: Design of a program 
of randomized seeding of orographic cumuli. J. Meteor&, 
1 7 ( 6 ) ¶  583-590. - 

Battan, L. J. ,  and A. R .  Kassander, 1960: A r t i f i c i a l  nucleat ion 
of orographic cumulus clouds. Physics of P r e c i p i t a t i o n ,  
Geophysical Monograph No. 5, Amer. Geophy. Univ., Washington, 
D .  C . ,  409-411. 

Battan, L. J . ,  and A. R .  Kassander, 1962: Etraluation of e f f e c t s  
of a i rborne  s i l v e r  iodide  seeding of convective clouds, 
S c i e n t i f i c  Report No. 18: F ina l  Report t o  NSF, Univ. Arizona, 
I n s t .  Atmos. Sci .  

Battan, L. J., 1963: Relat ions between cloud base and i n i t i a l  
r adar  echo. J. Appl. Meteor., 2, 333-336. 

Battan, L. J., 1965: Recent s tud ies  on h a i l  and h a i l  modification 
i n  t h e  Soviet Union. S c i e n t i f i c  Report No. 21 t o  NSF, Univ, 
Arizona, I n s t .  Atmos. Phys., Tucson, Arizona, 27. 

Battan, L. J., 1966: S i l v e r  iodide  seeding and r a i n f a l l  from 
convective clouds. J. Appl. Meteor., 5, 669-683. 

Battan, L. J. ,  1967: S i l v e r  iodide  seeding and p r e c i p i t a t i o n  
i n i t i a t i o n  i n  convective clouds. J. Appl, Meteor., 6, 
317-322. 

Battan, L. J. , and A. R .  Kassander , 1967 : Summary of r e s u l t  s sf 
a randomized cloud seeding p ro jec t  i n  Arizona. Proc, sf 
F i f t h  Berk. Symp. i n  Math. S t a t ,  & Prob,,  Vol. V ,  -- Wea, Mod, 
Expt., 29-33. 



Bergeron, T., 1933: On t he  physics of cloud and prec ip i ta t ion :  
Verbal Proceedings, 5th General Assembly, IUGG , 2, 156-175. 

Bethwaite, F. D . ,  E. J. Smith, J. A. Warburton, and K. J. 
Heffernan, 1966: Effect  of seeding i so la ted  cumulus clouds 
with s i l v e r  iodide. J. Appl. Meteor. , 5(4 ) , 513-520. 

Biggs, W. G.,  and P. J. Waite, 1970: Can TV r e a l l y  detect  
tornadoes? Weatherwise, 23, No. 3. , 120-124. 

Blanchard, D. C . ,  1950: The behavior of water drops at terminal 
ve loc i ty  i n  air.  Trans. Amer. Geophys. Un. , 2, 836-842. 

Bowen, E. G . ,  1967: Cloud seeding, Science Journal ,  August 1967, 
pp. 1-6. 

Braham, R. R . ,  Jr., L. J. Battan, and H. R. Eyers, 1957: A r t i f i c i a l  
nucleation of cumulus clouds. Clouds and Wea. Mod., Meteor. 
Monog., No. 11, Amer. Meteor. Soc., 47-85. 

Braham, R.  R . ,  Jr., and J. R. Sievers,  1957: Overseeding of 
cumulus clouds. A r t i f i c i a l  Stimulation of Rain, Pergamon 
Press ,  London, 250-256. 

Braham, R .  R . ,  Jr., and L. J. Battan, 1958: Effects  of seeding 
cumulus clouds. J. of Amer. Wat. Vor. Assoc., 50(2) ,  185-192. 

Braham, R . R . , Jr . , 1958 : Cumulus cloud prec ip i ta t ion  a s  revealed 
by radar ,  Arizona, 1955, J. Meteor., 15, 75-83. 

Braham, R.  R . ,  Jr., 1964.: What i s  t he  ro l e  of i c e  i n  summer r a i n  
showers? J. Atmos. Sci .  , 2 l ,  640. 

Braham, R.  R., Jr.,  1965: Project  Whitetop - a f i v e  year 
randomized cloud seeding study. Conference on Cloud 
Physics and Severe Storms, 244th N a t .  Meeting, Amer. 
Meteor. Soc . , October 18-22, 1965, Reno, Nevada. 

Brahan, R.  R., Jr., 1966: Par t s  I and 11, Final  repor t  of 
pro j ec t  whit etop . Univ . of Chicago, August, 1966. 

Braham, R .  R . ,  Jr., and J. A. Flueck, 1970: Some r e s u l t s  of 
t h e  whitetop experiment. Prepr ints  Second N a t .  Conf. on 
Wea. Mod., April  6-9, 1970, Santa Barbara, Cal i fornia ,  
176-179. 

Boutin, C . ,  H. Isaka,  and. G. Soulage, 1970: S t a t i s t i c a l  s tud ies  
on French operations fo r  h a i l  suppression. Prepr ints  Second 
NaC. Conf. on Wea. Mod., Apri l  6-9, 1970, Santa Barbara, 
Cal i fornia ,  134-139. 



Byers, H. R . ,  and R .  K. H a l l ,  1955: A census of cumulus cloud 
height versus p rec ip i ta t ion  i n  t h e  v i c i n i t y  of Puerto Rica 
during winter and spring 1953-54. J. Meteor., l2, 176-1fl8. 

Dennis, A.  S., C. A .  Schock, and A. Koscielski, 1970: Charac- 
t e r i s t i c s  of hailstorms of western South Dakota. 
Meteor. , 9, 127-135. 

Dennis, A. S., and A. Koscielski, 1969: Results of a randomized 
cloud seeding experiment i n  South Dakota. 
8, 556-5650 - 

Dessens, H., 1960: Severe hailstorms a r e  associated with very 
strong winds between 6,000 and 12,000 meters. 
P rec ip i ta t ion ,  Geophys. Monog. No. 5, Amer. Geophy. Univ., 
Washington, D . C . , 333-338. 

Dessens, J., 1968: Experience de suppression de l a  g r e l e  dans 
le-sud-ouest de l a  France. 
August 26-30, 1968. Toronto, Canada, 773-777. 

Douglas, R .  H . ,  1960: Growth by accretion i n  t he  i c e  phase. 
Physics of Prec ip i ta t ion ,  Geophys. Monog. No. 5,  Amer, 
Geophy. Univ., Washington, D. C . ,  264-269. 

Droessler, E. G. ,  1.968: Review of F i r s t  N a t .  Conf. on Wea. 
Mod. a t  S t a t e  University of New York, Albany, 28 April  - 
1 May 1968. Science, Vol. 162, No. 3850, 287-288 + cover, 

Fankhauser, J. C. ,  1969: Convective processes resolved by a. 
mesoscale rawinsonde network. J. Appl. Meteor., 8, 778-198. 

Fle tcher ,  N. H., 1962: The physics of r a i n  clouds. 
Press ,  Cambridge, England, 386. 

Flueck, J. A., 1968: A s t a t i s t i c a l  analys is  of p ro jec t  Whitetop's 
- 

prec ip i ta t ion  data.  Proc. F i r s t  N a t .  Conf. on Wea. Mod,, 
Apri l  6-28, May 1, 1968, Albany, New York, 26-35. 

F u j i t a ,  T. T. ,  1970: The Lubbock Tornadoes. A study of suct ion 
spots.  Weather-Wise, a( 4 ) , 160-173. 

Fuquay, D. M., and R. G. Baughrnan, 1962: Project  skyf i r e  l ightning 
research. F ina l  Report t o  NSF  r rant F-10309), Northern 
Forest F i r e  Laboratory, Missoula, Montana, 55. 

Fuquay, D .  M., and R. G. Baughman, 1969: Project  skyf i re  l ightning 
research.  F ina l  Report t o  BSF  rant GP-2617 f o r  Period 4965- 
19671, Northern Forest F i r e  Laboratory, Missoula, Montana, 68, 



Crandoso, H. N., and 3, V. I r i b a r n e ,  1963: Experiencia de 
modificat ion a r t i f i c i a l  de granizades en rnendoza: Temporadas 
1959-60, 1960-61, 1961-62. Faseiculo informes-3, Univ, 
De-Buenos Aires ,  69. 

Gunn, K, L. S., and W. Hi tschfe ld ,  1951: A labora tory  inves t iga t ion  
of t h e  coalescence between l a r g e  and small water drops. 
J. Meteor., 8, 7-16. 

Henderson, T. J. ,  1968: An opera t ional  h a i l  suppression program 
near Kericho, Kenya, Afr ica .  Proc. F i r s t  N a t .  Conf. on Wea. 
Mod -9 Apri l  28 - May 1, 1968. Albany, New York, 474-483. 

Benderson, T. J., 1968: The Kericho-Nandi H i l l s  h a i l  suppression 
program. F i n a l  Report t o  t h e  Tea Growers of Kenya, Narobi, 
Kenya, Atmospherics, Inc. ,  Fresno, Ca l i fo rn ia ,  36. 

Henderson, T. J., 1970: Results  from a two year opera t ional  
h a i l  suppression program i n  Kenya, East Africa.  P repr in t s  
Second Nat. Conf. on Wea. Mod., Apr i l  6-9, 1970, Santa 
Barbara, Cal i fornia ,  140-144. 

Howell, W. E., 1949: The growth of cloud drops i n  uniformly 
cooled a i r .  J. Meteor. , 6, 134- 

I r iba rne ,  J. V.,  and H. N. Grandoso, 1965: Experiencia de 
Modification A r t i f i c i a l  de Granizadas en Mendoza. Se r ie  
Meteorologia Vol. I ,  No. 5, Univ. De Buenos Aires,  32. 

Koscielski ,  A.,  and A. S. Dennis, 1968: A randomized seeding 
experiment i n  South Dakota. Proc. F i r s t  Nat. Conf. on 
Wea. Mod., Apr i l  28 - May 1, 1968, Albany, New York 47-54. 

48, Lee, J. T., and E. Kessler ,  1968: Aer ia l  cloud photography a s  
a technique f o r  observing cloud growth and development. 
Proc. F i r s t  Nat. Conf. on Wea. Mod., Apr i l  28 - May 1, 1968, 
Albany, New York, 343-349. 

h9, MacCready, P. B., Jr., A. I. Weinstein, 1965: The Flags taf f  
cumulus s tud ies  and cloud modification program: program 
set-up and prel iminary r e s u l t s ,  Met. Res. Inc. ,  
Altadena, Cal i fornia ,  pp. 1 3  + f igures .  

50, MacCready, P. B.,  Jr., e t  a l . ,  1968: Arizona weather modificat ion 
experiment. Annual Report FY 1968 t o  Bur. Rec . , Pro jec t  
Skywater, Denver, Colorado, 26, 

51, MacCready, P. B., Jr., e t  a l , ,  1969: Arizona weather modificat ion 
research program. Annual Report FY 1969 Lo Bur. Rec, , Pro jec t  
Skywater, Denver, Colorado, Contract No, 14-06-D-6581, 



MacDonald, G. J. F,, 1966: Weather and climate modificationi 
roblems and prospects. Vol, 11, research and development, - 

:ublication No. 1350, IVIISINRC, Washington, D. C., pp. 154 
+ 5 appendices. 

MacDonald, J. E., 1965: Review of  eathe her'" P. D. Thomson et, 
&., Life-Time, Inc., Science, Vol. 149, No. 3685, 739-$5 
+ cover. 

Mason, B. J., 1357: Physics of clouds. Oxford University Press, 
London, 481. 

!.lusil, D. J., 1970: Co~puter modeling of hailstone growth fn 
feeder clouds. J. Atnos. Sci., - 27, ( 3 ) ,  474-482. 

Orville, H. D., 1971: Numerical simulation of a cumulocimbus, 
Seminar on cwnuloninibus modification of tropical nature, 
February 15-13, 1971. Miami, Florida. 

Sansom, H. W., 1968: A four-year hail suppression experlmen'~ 
using explosive rockets. Proc. Int. Conf. on Cloud P h y : ~ ,  
August 26-30, 1968, Toronto, Canada, 768-772. 

Sartor, J. D., 1964: Non-lightning radio noise from clouds as 
a source of cloud physics information. Proc. 1964 World - 
Conference on Radio Meteorology, Amer. Meteor. Soe,, 
Boston, Massachusetts, 100-111. 

Schaefer, V. J., 1946: The production of ice crystals in a 
cloud of supercooled water droplets. Science, a, 451.-11.59. 

Schickedanz, P. T., and F. A. Iiuff, 1970: An evaluation of down- 
wind seeding effects from the Whitetop experiment. Pre1~rin-L~ 
Second Nat . Conf. on Wea. Mod., April 6-9, 1970, Santa 
Barbara, California, 180-185. 

Schleusener, R. A., 1961: Hail suppression evaluation. Fina: 
Report to NSF  r rant No. 10036), Civil Eng. Soc., Colorado 
State University, Fort Collins, Colorado, 9. 

Schleusener, R. A., 1962: The 1959 hail suppression effort ir 
Colorado and evidence of its effectiveness. PJubila, --- Vo:, V, 
NO. 1, 31-59. 

Schleusener, R. A., and We Sand, 1964: Summary of data from 
test cases of seeding thunderstorms with silver iodide En 
northeastern Colorado, 1962-63-64. Prog . Report, NSF 
 rant No. P-259b), Colorado State University, Fort C o i l l ~ s ,  
Colorado, 159. 



64. Schleusener, R .  A. ,  1966: P ro jec t  hailswath: f i n a l  r epor t ,  
Vol. I and recormendations. Report 66-9, NSF Contract C-461, 
I n s t .  Atmos. S c i , ,  South Dakota School of Mines & Technology, 
Rapid City,  South Dakota, 33 + appendices. 

65. Schleusener, R.  A. ,  1968: H a i l f a l l  damage suppression by cloud 
seeding: a review of t h e  evidence. J. Appl. Meteor, , 1 ( 6 ) ,  
1004-1011. 

66. Schleusener, R. A., A. Koscielski ,  A. S. Dennis, and M. R. Schock, 
1970: H a i l  experience on e ight  p ro jec t  seasons of cloud 
seeding with s i l v e r  iodide  i n  t h e  Xorthern Great Pla ins .  
P repr in t s  Second Nat . Conf . on Wea. Mod. , Apr i l  6-9, 1970, 
145-149. 

57. Schmid, P., 1967: On "Grossversuch 111" A randomized h a i l  
suppression experiment i n  Switzerland. Proc. of F i f t h  
Berk. Symp. on Math. S t a t .  and Prob. Vol. V ,  Wea. Mod., 
141-159. 

Smith, E. J., 1949: Experiment i n  seeding cumuliform cloud l ayer  
with dry i c e .  Aust r l .  J. Sci .  Res. A., 2, 78-91. 

Smith, E. J., E. E. Adderley, and F. D. Bethwaite, 1963: A 
cloud seeding experiment i n  South Aust ra l ia :  J. Appl. 
Meteor. , 2, 565-568. 

Smith, E. J., 1967: Cloud seeding experiments i n  Aust ra l ia .  
Proc. of F i f t h  Berk. Symp. on ~ a i h .  S t a t .  & Prob., Vol. V,  
Wea. ~ o d . ,  161-176. 

Squires,  P., and E. J. Smith, 1949: The a r t i f i c i a l  s t imula t ion 
of p r e c i p i t a t i o n  by means of dry i c e .  Aust r l .  J. Sci .  
Res. A . ,  2, 232-245. 

Squires,  P., and S. %~om.ey, 1960: The r e l a t i o n  between cloud 
drople t  spec t ra  and t h e  spectrum of cloud nucle i .  Physics 
of P rec ip i t a t ion ,  Geophys. Monog. No. 5, Amer. Geophy. Univ., 
Washington, D.  C . ,  211-219. 

Sulakvelidze, G. K., N. Sh. B i b i l a s h v i l i ,  and V. F. Lapcheva, 
1967: Formation of p r e c i p i t a t i o n  and modificat ion of h a i l  
processes. I s r a e l  Program f o r  S c i e n t i f i c  Transla t ion ,  
Jerusalem, 208. 

Swinbank, W. C . ,  1947: Col l i s ion of cloud drople ts .  Nature, 159, 
849-850. 

Twomey, S., 1959: The nucle i  of n a t u r a l  cloud formation. Geofis. 
Pura. Appl., - 43, 243- 



76. Vonnegut , B. , and C. B. Moore, 1960: A poss ib le  e f f e c t  of l igh tn ing  
discharge on p r e c i p i t a t i o n  formation process. Physics sf 
P r e c i p i t a t i o n ,  Geophys, Monog. No, 5, Amer. Geophy. Univ,, 
l?ashington, D. C . , 287-290, 

77. Vonnegut, B., 1968: Ins ide  a tornado. Natural History 77, AS Bo 4 
26-33. 

78. Warner, J. , and S . Twomey , 1956 : The use of s i l v e r  iodide  f o r  
seeding individual  clouds. Tel lus ,  Vol. 8, 453-459. 

79. Weinstein, A. I., and L. G. Davis, 1968: A parameterized 
numerical model of cun~ulus convection. Report 11 t o  NSF, 
 r rant GA-777), Dept. of Meteor., Pennsylvania S t a t e  Univ , ,  
pp. 43. 

80. Weinstein, A. I., and P. B. MacCready, Jr., 1963: An i so la ted  
curtiulus cloud modification p ro jec t .  J. Appl. J.'ieteor., g, 
936-947. 

81. Woodcock, A. R. ,  1952: Atmospheric s a l t  p a r t i c l e s  and raindrops,  
J. Meteor., 9, 200-212. 



4 .  MODIFICATIONS OF TEOPICAL CLOUD PYSTECilS 

4,1 In t roduc t ion  

The t 3 ~ o  b a s i c  f e e t u r e s  t h a t  d i s t i n c u i s h  t h e  formation of c louds 
and p r e c i p i t a t i o n  i n  t h e  t r o p i c s  a r e  t h e  high temperature and t h e  
high humidity. A s  a r e s u l t ,  when condensation occurs ,  t h e  clouds 
hzve a high l i q u i d  water  con ten t ,  which i s  i n p o r t a n t  i n  i n i t i a t i n g  
p r e c i p i t a t i o n  through coalescence and i n  promoting heav ie r  r a i n f a l l .  
T're &i'requenc:r w i t h  which r a i n  occurs  f r o n  clouds only a few hundred 
f e e t  deep i s  o f t e n  remarkable t o  v i s i t o r s  t o  t h e  t r o p i c s  (19 ) .  There 
a r e  i n d i c a t i o n s  a l s o  t h a t  a h igh  percentage  of c louds i n  t h e  t r o p i c s  
>reduce r a i n  without  t h e  a i d  of t h e  i c e  phase,  con t r a ry  t o  t h e  e a r l i e r  
be l i e f '  t h a t  t h e  i c e  mechanism was t h e  only one t h a t  could i n i t i a t e  
2 n e c i p i t a t i o n .  These f e a t u r e s  l e a d  us  t o  suspec t  t h a t  a t tempts  t o  
mcdify weather a r t i f i c i a l l y  i n  t h e  t r o p i c s  could y i e l d  spec t acu la r  
resul. tss,  However, it has been apparent  t o  persons engaged i n  weather 
n c d i f i c a t i o n  on a s c i e n t i f i c  b a s i s  t h a t  because of t h e  complex na tu re  
of l o c a l  weather ,  of cloud microphysics  and of p r e c i p i t a t i o n  formation,  
i~ anLr t r o p i c a l  r eg ion ,  it i s  d i f f i c u l t  t o  say  t h a t  t h e  r e s u l t s  observed 
-~ou;$ not have occurred n a t u r a l l y .  These complexi t ies  g radua l ly  have 
Pcd to more and more d e t a i l e d  m e a s u r e ~ e n t s  of d i f f e r e n t  c loud and 
wea t t c r  parameters ,  w i th  more p r e c i s i o n ,  i n  an e f f o r t  t o  understand 
t h e  p-*ocesses of c loud ar,d p r e c i p i t a t i o n  formation.  

TJeather men a l l  over  t h e  world, i nc lud ing  those  i n  t h e  t r o p i c s ,  
were z n t h u s i a s t i c  t o  experiment on weather modi f ica t ion  and a r t i f i c i a l  
r a i n p a k i n g  f o l l o ~ r i n g  Schaef e r  ' s unique experiment i n  194 6. Subsequently,  
t h e r e  were experiments conducted i n  1948 and 1949 (11, 1 2 )  i n  t h e  
Hawaiian t r o p i c s ,  and a l s o  over t h e  t r o p i c a l  r eg ions  of East  A f r i c a ,  
I n d i a ,  Cen t r a l  and South America and Ilawaii. 

For a b e t t e r  understanding of t h e  requirements  f o r  measuring 
d i f f e r e n t  meteoro logica l  parameters  and t h e  p r e c i s i o n  wi th  which they  
should be measured f o r  f u t u r e  weather modi f ica t ion  programs, it i s  
worthwhile t o  g lance  b r i e f l y  over a few of t h e  experir-ents  and examine 
how t h e  measurements of d i f f e r e n t  meteorologica,l  parameters  have come 
up i n  t h e  execut ion and subsequent eva lua t ion  of t h e s e  experiments.  

4-2 Review of Experiments 

4.2.1 East  A f r i c a  

Prom 1951 t o  1956 t r i a l s  were made by t h e  East  Afr ican  ~ 4 e t e o r o l o g i c a l  
Department a t  a nwn-ber of p l a c e s  i n ' t h e  East Afr ican  t r o p i c a l  r eg ion  
(2 ,  3, 4, 5 ,  6,  22) .  They  ere .mostly i n i t i a t e d  because of n a t u r a l  
c a l a m i t i e s  caused by l a c k  of  r a i n .  Most of t h e  experiments had s h o r t  
lives w i t h  v a r i a t i o n s  i n  technique  and seeding m a t e r i a l  from t ime t o  



Place Country Year 
P 

Period Technique and M a t e m  

Kongwa Tanganyika 1951 Jan-Apr (i) Silver iodide acetone 
solution in ground 
charcoal burner 

(ii) Balloon born with charge 
impregnated with silver 
iodide acetone solution 

Kongwa Tanganyika 1952 Jan-Apr (i) silver iodide balloon 
bomb 

(ii) Balloon bomb with charge 
of Hygroscopic mixture 
(90% sea salt + 10% ZaC12) 

Amboseli Kenya 1953 Oct-Dec Balloon bomb with 
hygroscopic charge only 

Dodoma Tanganyika 1954 Jan-Mar ------ D~ ----- 

Mitiyana Uganda 1954 Sept-Dec ------ D~ ----- 

Tobora Tanganyika 1956 Nov-Dec Hygroscopic charge 
dispersed with rocket 

TABLE 4-1 

Early East African Experiments 



time (!Cable 4-1). In  t he  majori ty of these  experiments f i n e l y  powdered 
salt was used as the  seeding material .  The methods adopted f o r  i t s  dis-  
pe rsa l  i n  cloud included balloons and rockets.  The rocket technique of 
d i spersa l  of salt powder i n  cloud appeared more e f fec t ive .  None of t h e  
experiments were very conclusive, although i n  a number of cases the re  
xas an  apparent increase of r a i n f a l l  downwind. 

~~~easurements  were made on cloud amount, wind, height of cloud base 
and temperature. Synoptic s i t ua t i ons  proved of great  importance i n  
these regions. The synoptic s i t ua t i on ,  as defined by t he  In t e r t rop i ca l  
Convergence Zone (ITCZ) and t he  wester l ies  t;hat bring an even flow of 
no i s t  a i r  from the  Indian Ocean, controls  t he  ra iny periods of t he  
year. During the  season the  synoptic s i t ua t i on  changes several  times 
and the  periods have t o  be s t r a t i f i e d  accordingly f o r  analysis  of 
seeding r e s u l t s .  I n  regions l i k e  these ,  c lose r  networks of weather 
observation than now ex i s t  a r e  required f o r  predic t ing t he  movement 
o f  ITCZ and t h e  wester l ies .  Soundings c lose  t o  the  time of experiment 
a t  spacing of 10 t o  15 miles would be required f o r  b e t t e r  design of 
the  experiment. 

Measurements of height of cloud base and top and t he  associated 
temperature would ind ica te  whether o r  not a cloud had su f f i c i en t  depth 
xo be affected by hygroscopic materials .  The measurement of updraf ts  
below the  cloud base would indicate  t he  effect iveness  of chain react ions  
f o r  p r ec ip i t a t i an  growth. [chain react ion of raindrop growth t o  breakup 
s i z e  and subsequent growth of the  fragments require  updrafts  exceeding 
5 m sec-I. 1 

Day-to-day measurements of condensation nucle i ,  pa r t i cu l a r l y  of 
$he l a rge  and g ian t  ones, would ind ica te  how f a r  seeding can modify 
t h e i r  concentrations. 

4.2.2 Madagascar 

The experiment i n  Madagascar was conducted f o r  one season ( ~ p r i l  - 
September 1953) only, using a i r c r a f t  t o  disperse f i n e l y  powdered s a l t  
pa r t i c l e s  i n  cloud (3) .  Results  were deduced by v i sua l  observations 
from ground and a i r c r a f t .  Sometimes t he  r e s u l t s  were d i spersa l  of t he  
clouds and sometimes l i g h t  r a i n  f e l l  from the  seeded cloud an hour or  
so a f t e r  seeding. It i s  not known i f  the re  were any specia l  e f f o r t s  
taken t o  measure meteorological parameters other than t h e  rout ine  ones. 
Experiments aimed a t  individual  clouds, such as  t h i s  one, must have, a s  
a minimum, radar or  photographic equipment f o r  observing prec ip i ta t ion  
growth. 

4.2.3 Indian Subcontinent 

Most of t h e  experiments conducted over India and Pakistan assumed, 
as i n  the  case of the  East African experiments, t h a t  t he  major pa r t  of 



Fig.  4.1, The main experiment i n  Ind ia  was conducted over t h e  semi-arid 
region of Delhi,  Agra and Ja ipur .  The o the r  s h o r t  term experi- 
ment was i n  t h e  south i n  t h e  orographic region of Westernghats, 
at Munnar, about 50 miles from t h e  coas t .  



t n e  rain-bearing clouds l i e s  i n  t h e  temperature region warmer than OC. 
Accordingly, t h e  technique adopted was t h a t  of d ispers ing hygroscopic 
cue le i  usua l ly  from t h e  ground and allowing upcurrents  due t o  insola-  
t i o n  t o  ca r ry  them t o  t h e  cloud. A t  t imes,  seeding by a i r c r a f t  below 
cloud base was used. I so la ted  t r i a l s  t o  seed supercooled clouds with 
s i l v e r  iodide  and dry i c e  were done a s  e a r l y  a s  1952 (3 ) ,  with no 
d e f i n i t e  r e s u l t s .  

The ra iny  and cloudy days i n  t h e  whole of t h e  subcontinent a r e  
ma%nly influenced by deep moisture laden monsoon a i r  cu r ren t s  i n  t h e  
ra iny  season and by t h e  passage of low pressure  troughs through t h e  
nsrtbwestern p a r t  of t h e  land during winter .  These troughs,  known a s  
western disturbances,  br ing moisture incursions from t h e  Arabian sea.  

The Himalayan b a r r i e r  plays a g rea t  p a r t  i n  guiding t h e  Bay of 
Dengal monsoon cur ren t s  through t h e  r i v e r  va l l eys  of northern Ind ia  
and monsoon r a i n f a l l  slowly decreases downwind with deplet ion of 
moisture content .  I n  t h e  southern p a r t  of t h e  country t h e  s m e r  
rnorsoon current  from t h e  southwest s t r i k e s  t h e  c o a s t a l  h i l l y  t r a c t s  
known a s  Western Ghats, inducing heavy r a i n f a l l  which decreases con- 
s iderably  on t h e  leeward s ide .  The southern p a r t  of t h e  country a l s o  
g e t s  some r a i n  during t h e  winter  with t h e  southeast  monsoon. The 
northwestern p a r t  of t h e  land has t h e  lowest impact frorn t h e  monsoon, 
na'lri~ig t h e  region semiarid. The meteorological and microphysical 
esndi t ion  of a l o c a l i t y  i n  Ind ia  thus  v a r i e s  considerably with t h e  
e i s t anee  from coast and a l s o  due t o  topography. 

The f i r s t  systenlatic t r i a l  of seeding with a ground based s a l t  
? a r t i c l e  generator  was done i n  Punjab, Pakistan i n  1954, with p o s i t i v e  
r e s u l t s  ( 7 ) .  The shor t  l i f e  of individual  convective showers a s  
observed i n  t h i s  region d u r i n ~  t h e  monsoon l e d  t o  t h e  method of 
~ ~ u e l e a t i o n  of t h e  atmosphere i n  general  r a t h e r  than t r y i n g  t o  seed 
individual  clouds. I n  an experiment of t h i s  type,  t h e  amount of 
convective cloud cover ( i n  t en ths  of sky) i s  t h e  bas ic  need. The 
fo recas t  based on l o c a l  soundings should be capable of p red ic t ing  
t h e  mount of convective cloud coverage. Low l e v e l  winds w i l l  de ter -  
s i n e  t h e  a r e a  a f fec ted  by seeding and t h e  upcurrent measurements 
Ciuring t h e  hot period of t h e  day w i l l  i n d i c a t e  t h e  p o s s i b i l i t i e s  of 
t h e  ground generated p a r t i c l e s  reaching cloud base. I n  general  t h e  
kpeurrents  should exceed 0.2 m sec" t o  f u l f i l l  t h i s  requirement. 
The concentrat ions of g ian t  condensation nucle i  i n  t h e  surface  l a y e r  
and s l o f t  a r e  required  t o  asce r ta in  t h e  e f f e c t  seeding w i l l  have i n  
lnereasing t h e  concentrat ion of these  p a r t i c l e s .  

The l a t e r  experiments conducted near Delhi,  India  (FQ. 4 .1 )  were 
designed i n  a b e t t e r  way f o r  t h e  purpose of evaluation of r e s u l t s .  The 
~ s u a l  technique was d i spersa l  of f i n e l y  ground comon s a l t  powder from 
zround generators (1, 20) ,  but seeding frorn a i r c r a f t  was a l s o  done 
f o r  a year (21) .  The concentration of hygroscopic p a r t i c l e s  of radius  



1 p o r  more, a s  est imated from t h e  measurements i n  su r face  a i r  l a y e r  
i n  t h i s  region,  runs a s  high a s  50 per  l i t r e  but  f a l l s  i n  many ins tances  
t o  near zero i n  a hundred l i t r e  a i r  sample, and s i m i l a r  f l u c t u a t i o n s  
a t  cloud l e v e l  may account f o r  l ack  of r a i n  from some clouds i n  t h i s  
region.  The low l e v e l  ascending c u r r e n t s ,  of t h e  order  of 0.2 t o  
0.8 m sec-l,  a s  determined e a r l i e r  from l i f t l e s s  bal loon soundings, 
( ~ i & .  4.2), i nd ica ted  t h a t  the  f i n e  s a l t  p a r t i c l e s  d ispersed  had a 
f a i r  chance t o  reach t h e  clouds. Pdeasurements throughout t h e  seeding 
per iod  would have been a b e t t e r  ind ica t ion  of t h e  presence of low Hevei 
upcurrent  during t h e  hot af ternoon hours of t h e  r a iny  season. 

Since t h e  n a t u r a l  d i s t r i b u t i o n  of r a i n f a l l  va r i ed  with wind 
d i r e c t i o n ,  it was n e c e s s a q  t o  s t r a t i f y  t h e  r a i n f a l l  da ta  on t h e  
b a s i s  of wind d i r e c t i o n .  The mean wind up t o  t h e  3 km l e v e l  was 
est imated from l o c a l  wind observations.  The f o r e c a s t ,  based on 
morning soundings, indica ted  winds a l o f t  t o  3 km l e v e l  and t h e  base,  
height  and amount of expected convective cloud, which was t h e  b a s i s  
f o r  judging t h e  s u i t a b i l i t y  of t h e  day f o r  seeding. A constant  
watch with X-band rada r  supplemented o r  correc ted  t h e  l o c a l  f o r e c a s t s ,  
Analysis of a r e a l  coverage by p r e c i p i t a t i o n  echo and t h e i r  v e r t i c a l  
development and i n t e n s i t y  before  and a f t e r  seeding served a s  a cheek 
on the  ana lys i s  based on raingage observations.  Since t h e  primary 
objec t  of t h e  experiment was t o  increase  t h e  amount of seasonal  ra in-  
f a l l ,  no attempt was made t o  s tudy t h e  e f f e c t  on ind iv idua l  clouds,  
nor was t h i s  f e a s i b l e  with t h e  ground-based genera tors  li able 4-21, 

Direc t  measurements of aerosol  concentrat ions by a i r c r a f t  below 
t h e  cloud would have removed the  u n c e r t a i n t i e s  a s  t o  whether t h e  
seeding p a r t i c l e s  reached t h e  cloud o r  not.  The seeding from a i r c r a f t  
was c a r r i e d  out  mainly t o  remove t h i s  u ~ c e r t a i n t g  and a y e a r ' s  experi- 
ment d id  show a p o s i t i v e  t r end .  A s  t h e  experiaent  was not continued 
f u r t h e r ,  no d e f i n i t e  conclusion could be drawn on t h e  b a s i s  of t h e  
a i r c r a f t  experinent  ( ~ i g .  4.3 ) . 

It i s  i n t e r e s t i n g  t o  note ,   fro^ a separa te  study with r ada r  
observations (171, t h a t  q u i t e  a l a r e e  proport ion of p r e c i p i t a t i n g  
clouds i n  Delhi (about 30 t o  40 pe rcen t )  have t h e i r  growth l imi ted  
t o  below t h e  f r eez ing  l e v e l ,  but  t h e i r  a c t u a l  cont r ibut ion  t o  t o t a l  
r a i n  i s  not s u b s t a n t i a l  although t h e  cont r ibut ion  t o  r a i n  by a l l  
convective clouds taken together  i s  q u i t e  high (about 65 percent  ) ,  
This ind ica tes  t h a t  s i ~ u l t a n e o u s  seedinc with f r e e z i n r  nuc le i  could 
a l s o  be e f f e c t i v e  i n  i n i t i a t i n g  p r e c i o i t a t i o n  i n  t h i s  region.  

The s i t u a t i o n s  were q u i t e  d i f f e r e n t  with t h e  shor t  dura t ion  
experiment conducted over h i l l s  of southern Ind ia  ( 1 8 ) ,  where orog- 
raphy has marked inf luence  over t h e  weather formation. Even durinc 
t h e  r e l a t i v e l y  dry period (!,{arch t o  11ay) good amounts of cumuliforrL 
and s t r a t u s  clouds develop i n  t h i s  c o a s t a l  region of Ind ia ,  For 
most of t h e  remaining period it g e t s  copious r a i n  from t h e  monsoom, 



Fig .  4.2. I n  t h e  e a r l y  period of t h e  experiment i n  Ind ia ,  t h e  mean 
magnitude of low l e v e l  upcurrent around Delhi was deter -  
mined by t r ack ing  l i f t l e s s  bal loon wi th  rawinsonde (20).  

Pig, 4.3. During a y e a r ' s  experiment wi th  a i r c r a f t  magnesium oxide 
coated s l i d e s  were exposed i n  cloud from a i r c r a f t  with 
simple mechanical device t o  make an est imate of l i q u i d  
water  content from t h e  dropsize impressions (21) .  



[ ~ a i n f a l l  (mm) per s t a t i o n  i n  t a r g e t  (T) and cont ro l  ( c )  sec tors  w i t h  respect 
t o  cloud type at  ~ e l t a ]  

Year Seeded Not Seeded 

T C T I C  T C T/C Result 

(convective Clouds) 

1960 13.7 13.0 I.. 05 29.7 36.8 0.81 pos i t i ve  

1961 80.5 59.7 1.35 95.5 91.9 1.04 pos i t i ve  

1963 226.3 104.4 2.16 38.9 55.6 0.70 pos i t i ve  

1964 34.0 8.4 4-05 187.7 121.9 1.54 p o s i t i v e  

1965 61.7 68.6 0.90 7.1. 41.7 0.17 pos i t i ve  

( ~ a y e r  Clouds ) 

1960 31.0 17.6 1.76 73.4 81.0 0.91 pos i t i ve  

1961 43.4 13.0 3.34 42.4 13.2 3.21 pos i t i ve  

1963 47.0 39.1 1.20 20.8 43.9 0.47 pos i t i ve  

1964 16.3 11.2 1.46 8.4 3.6 2.33 negative 

1965 3.0 6.6 0.45 50.0 44.7 1.12 negative 

TABLE 4-2 

R e s u l t s  of seeding  experiment around Delh i ,  when s t r a t i f i e d  according t o  
predominant c loud type  of t h e  day, i n d i c a t e d  s i g n i f i c a n t  p o s i t i v e  t r end  
f o r  days w i t h  convect ive c louds ,  bu t  no t  s o  f o r  days w i t h  predominant 
s t r a t i f o r m  type clouds (1 ). 



The fo rced  upcurren ts  due t o  southwest v ind  a r e  expected t o  a i d  t h e  sal t  
p a r t i c l e s  t o  go up from t h e  ground-based gene ra to r s .  This  should be 
confirmed by low l e v e l  upcurrent  measurements f o r  c e r t a i n t y  of t h e  
e f f e c t .  The day ' s  s u i t a b i l i t y ,  as i n  t h e  case  of Delh i ,  w a s  judged 
from t h e  expected convect ive cloud moun t  and winds a t  d i f f e r e n t  l e v e l s  
a s  ob ta ined  from t h e  n e a r e s t  l o c a l  f o r e c a s t  and a l s o  by l o c a l  c loud and 
wind observa t ions .  I n  a p l ace  l i k e  t h i s ,  which i s  only  about 50 miles  
from t h e  s e a ,  measurenlents on v a r i a t i o n s  i n  concen t r a t ion  of g i a n t  s i z e  
nygroscopic n u c l e i  a r e  e s s e n t i a l  t o  a s c e r t a i n  t h e  e f f e c t i v e n e s c  of s a l t  
p a r t i c l e s  as seeding apents .  It i s  d e s i r a b l e ,  t o o ,  t h a t  measurements 
5 e  msde on t h e  drop-size spectrum of cloud p a r t i c l e s  t o  a s c e r t a i n  t h e  
c l o u d ' s  c o l l o i d a l  s t a b i l i t y  s t a t e ,  a s  i nd ica t ed  by Squi res  ( 2 3 ) ,  which 
7 ~ ~ ~ u i d  f u r t h e r  show how f a r  t h e  s a l t  p a r t i c l e s  w i l l  be  e f f e c t i v e .  The 
winds i n  t h i s  h i l l y  r eg ion ,  bo th  near  t h e  ground and a l o f t ,  a r e  com- 
7le:c due t o  topography, and c l o s e  observa t ion  i s  r equ i r ed  t o  b e s t  
l o c a t e  gene ra to r s  t o  e f f e c t  a d e s i r e d  reg ion .  Soundings dur ing  
pe r iods  of maxinm i n s o l a t i o n  hea t ing  and c l o s e  t o  t h e  reg ion  of t h e  
experiment would be e s s e n t i a l  t o  e s t ima te  t h e  temperature,  humidity 
and s t a b i l i t y  cond i t i ons  of t h e  atmosphere. 

The experience wi th  t h e  l i m i t e d  experiments conducted over I n d i a  
has  i n d i c a t e d  cons iderable  v a r i a t i o n  of c l i ~ a t o l o g i c a l  and l o c a l  
weather condi t ions  from region  t o  reg ion .  The seeding technique 
adopted and t h e  m e a s u r e ~ e n t s  r equ i r ed  f o r  one r eg ion  may not be s u i t -  
a b l e  f o r  another  r eg ion ,  bu t  f o r  most experiments ,  observa t ions  of 
c loud anount ( i n  t e n t h s  of sky)  w i th  base ,  he ight  and depth,  and 
c l o s e l y  spaced soundings (wi tb in  25 km of s t a t i o n )  t o  i n d i c a t e  tem- 
p e r a t u r e  and humidity p r o f i l e s ,  anpear e s s e n t i a l .  Updraft  measure- 
ments below cloud base  would a l s o  be r equ i r ed  when modifying p r e c i p i -  
t a t i o n  growth by a coalescence process .  I n  a d d i t i o n ,  when t h e  cloud 
i s  no t  pu re ly  maritime i n  n a t u r e ,  it i s  d e s i r a b l e  t o  g e t  i t s  drop-size 
s o e e t r a  t o  determine i t s  c o l l o i d a l  s t a b i l i t y .  

4.2.4 P a c i f i c  Experiaents  

Attempts were made t o  modify t r o p i c a l  c louds i n  IIawaii wi th  d ry  
i c e  seeding as e a r l y  a s  19118-43 (11, 1 2 ) .  With t r ia ls  ~ a d e  on cunulus 
ciou2s whose t o p s  extended j u s t  beyond t h e  f r e e z i n g  l e v e l ,  it w a s  
observed t h a t  t h e  l a r g e s t  r a i n s  were a s s o c i a t e d  wi th  r e l a t i v e l y  t h i c k  
clouds where cloud-top temperatures  were s l i g h t l y  co lde r  t han  OC. 
Thus t h e  n e c e s s i t y  of makine rrieasurecients of son.e b a s i c  rneteorological  
and cloud parameters  was r e a l i z e d  frou. t h e  beginning. The cloud-top 
t e ~ p e r a t u r e  and th i ckness  were both  important bu t  t h e i r  r e l a t i v e  
irrportance could not  be eva lua ted  a s  t h e  co ldes t  cloud-top temperature 
observed dur ing  t h e  e x ~ e r i r n e n t s  was only -5C.  Importance of rreasure- 
menc of temperature p r o f i l e  w a s  a l s o  evidenced by t h e  f a c t  t h a t ,  when 
cumulus clouds were capped by a temperature i nve r s ion  wi th  decreas ing  
moisture above, seeding produced p a r t i a l  d i s s i p a t i o n  of  t h e  clouds o r  
no e f f e c t  whatsoever. I n  t h e  absence of an inve r s ion  moisture occurred  
through a deep l a y e r  t h a t  proro ted  grobrth of s e a  breeze  clouds.  This  



obviously r equ i res  measurements of cloud-base and top  he igh t s ,  hunidity-, 
wind at d i f f e r e n t  l e v e l s  and t h e  synoptic  s i tua . t ions  a p a r t  from t h e  
temperature p r o f i l e  and invers ion  s t r eng th  mentioned e a r l i e r .  It w a s  
a l s o  f e l t  t h a t  a  day-to-day measurerent of concentrat ion of condensa- 
t i o n  nuc le i ,  inc luding g ian t  s a l t  nuc le i ,  would i n d i c a t e  t h e  e f fec t ive -  
ness of these  p a r t i c l e s  i n  r a i n  i n i t i a t i o n  when a major por t ion  of t h e  
cloud l a y  below t h e  OC l e v e l .  

4.2.5 Centra l  American E x p e r i ~ e n t  s 

. During t h e  years  1947-1957 a number of e x ~ e r i m e n t s  were conducted 
i n  t h e  American t r o p i c s  using s i l v e r  iodide  a s  a  seeding acent .  A good 
summary of them has been given by Eo~re l l  ( 8 ) .  $%st of t h e  experiments 
were motivated from a c o m e r c i a l  viewpoint and were short- l ived.  Iiow- 
ever ,  they showed apparent p o s i t i v e  r e s u l t s ,  some a t  a  s t a t i s t i c a l l y  
s i g n i f i c a n t  l e v e l   a able 4-3 ) . 

Over these  regions c m u l u s  development has two d i s t i n c t  ca tecor ie s ,  
One i s  t h a t  of near ly  continuous and rap id  growth f r o r  humble beginninr  
through congestus s t age  t o  t h e  formation of cw~ulonirbus ,  t h e  e n t i r e  
development taking p lace  i n  perhaps hal f  an hour t o  an hour. This 
occurs t y p i c a l l y  when condi t ional  i n ~ t ~ b i l i t y  of a deep moist l a y e r  i s  
r e l eased  by a d e f i n i t e  impulse, such a s  a r r i v a l  of a sea  breeze.  The 
second category i s  charac ter ized  by rluch nore gradual  developrent of' a 
given cloud even though t h e  convective a c t i v i t y  repains  high. C l o ~ d s  
d i sp lay  g rez t  grovth a c t i v i t y  i n  t h e i r  lover  p a r t s  and d i s s i p a t i o n  i n  
t h e i r  upper p a r t ,  t h e  average s i z e  of t h e  cloud gradual ly  increas ing 
and t h e  t o t a l  number of clouds decreasing. This s t a t e  nay continue 
f o r  hours u n t i l  it i s  ended by a decrease i n  d iu rna l  a c t i v i t y  o r  
development of p r e c i p i t a t i o n  i n  one o r  another cloud. T'arked increase  
of r a t e  of gro.,stk of a  cloud i s  o f t en  cocnected with t h e  onset of 
p r e c i p i t a t i o n  i n  it, accompanied by degeneration of o the r  clouds i l l  

t h e  v i c i n i t y .  The ensuing r a i n f a l l ,  while soret ir-cs  heavy, i s  spo t ty ,  

The genera l  ind ica t ion  was t h a t  t h e  seeding had been more effective 
on t h e  second-catecory days and t h e r e  had been more n a t u r a l  r a i n  i n i t i a -  
t i o n s  and l i t t l e  seeding e f f e c t  on f i r s t - ca tegory  days. Thus f o r  -these 
regions t h e  e f f e c t  of seeding w i l l  be va r i ab le ,  o f t en  i n e f f e c t i v e  l ~ ~ t  
sometimes ext rexely  e f f e c t i v e ,  dependin? uTon t h e  h a b i t u a l  sequence of 
cloud development over t h e  seeded region. The e f f e c t  of seeding i"~ould 
be nore apparent i f  it were poss ib le  t o  i s o l a t e  the  s i t u a t i o n s  chai-ac- 
t e r i z e d  by t h e  second group. 

The meteorological  observations should be c lose ly  spaced and 
extended over t h e  e n t i r e  region t h a t  i s  exgected t o  be influenced by 
seeding. Soundings of temperature and hurridity p r o f i l e s  along t h e  
v e r t i c a l  w i l l  be requi red  a t  c lose  i n t e r v a l s  of perhaps 10  t o  20 PC, 
Cloud mounts  and base and top  keig'nts ~ r i t h  tenpera tures  a t  those l e v e l s  
a r e  t h e  requirements f o r  determination of a  s u i t a b l e  seeding l e v e l ,  Low 



Trials  of cloud seeding in the American tropics 

Operations 
Location 

Category 1 Agent 1 Duration 

Results 

Increase 1 Probability 

sq.mi 

. . . 

. . . 

Atlantic off Florida Uninvolved 

Uninvolved 

D r y  ice 

Water 

D r y  ice 

Honduras 1 . , . I  Uninvolved 

Agl  54 mo. +9 / 0.0001 
. . . Uncertainty as to 

smoke trajectory 
SO mo. +25 O . O O O l c  
30 mo. +20 0.07 
4 m o .  +26 . . 

AgI 3n10. +25 0.04 
A d  7 mo. +46 0.005 
AgI 11 mo. 
Ag 1 5 m o .  I:!] 0.08 
AgI 6 mo. +33 
Water . . ,  . . . . . 

3 mo. +20 . . . 
.4g I 6 m o .  +20 . . . 
A d  3 m o .  +15 . . . 
AgI 3 m o .  +19 0.002 
AgI 5 mo. +15 . . . 
A d  2 m o .  +14 
Water 5 mo. . . . 0.02d 
AgI, wa- 2 mo. +61 0.02 

1 day  

1 day 

15 days Hawaii 

- 
PCt 

Conversion of stra- 
tiform super- 
cooled clouds 
observed in hur- 
ricane 

Extraordinary rain- 
fall in  dry season 

Some showers 
thought t o  be trig- 
gered 

Mexico, Necaxa 
Bolivia 

X I  800 Prc~ctical 
50 Practical 

3500 Practicalb 
2500 Cornmercial 
300 Co~nmercial 
100 Commercial 
50 Commercial 

300 Commercial 
150 Commercial 
50; Commercial 

. . . Uninvolved 
100 Commcrcial 

1 150 Comnlercial 
30 Commerci:tl 

500 Commercial 
400 Commercial 
250 Commercial 
. . . Uninvolved 
300 Commercial 

Peru,  Rio Chicama 
Rio Mantaro 

Cuba, Francisco 
Ces pedes 
Ermita  
Francisco 
Macarcno 
Najasa 

Hawaii 
Cuba, LOS Canos 

Macareno 
Cuba, Baltony 

Preston, Boston 
I'raiicisco 

Pnerto Rico, Fajardo 
Nearby waters 

Cuba, Macnrcno 
ter 

A r  1 
l'uerto ILico, Fajardo 
CuL)a, Ualtony 
Puerto Rico, Fajardo A ~ I ,  wa- j 2 mo. / +27 1 0.07 

ter  
Cuba, Francisco 
Colombia, Santa Marta  

1 1 damage per 

550 Commercial 
350 Commercial 

Ag4 
AgI 
AgI 
AgI 
Agl  
A d  
Ag1 
A d  

4000 
400 
400 
400 

30 
600 
120 
100 
. . . 

3 mo. 
3 nlo. 
S mo. 
2 ino. 
2 mu. 
4 mo. 
2 mu. 
2 mo. 

I 
Commercial 
Commercial 
Commercial 
Commercial 
Commercial 
Commercial 
Commerci:~l 
Commercial 
Uninvolved 

Cuba, I-Iavana-Mantanzas 
Manati 
&Parlati 

Puerto Rico, south coast 
Cuba, Raltorly 
H~spaniola ,  Itomans 
Cuba, Espermiza 

Eos Carlos 
F londa ,  Boca Ea ton  

sternly day 

Average of all AgI seedings 
Average of all AgI and water 

+27 
+S 

+15 
+42 

$+20 
+31 
+27 
+21 

(24 cases) 
(3 cases) 

0.0.3 
0.40 
0.21 
0 0 5  
0.06 
0.10 
0.06 
0.02 

seedings 

No efTect of seeding 
observed + 22 
+43 1 

Excepting 1952. 
b On commercial basis prior to  1955. 

Separate evaluations of runoff showed increase of 35%. 
Water seeding with coarse spray in tops of t rade Cumulus. Probability figure refers to  likelihood 

tha t  seeding caused precipitation in a cloud t h a t  would not otherwise have precipitation 

TABLE 4-3 

Is %kIe decade fol lo~rin, . ;  Echaef'er's trial, a g r e a t  number of experiments 
were conducted i n  the tropics of k~~erica also, A good summary has been 
prepared by Howell (8). 



l e v e l  s t a t i l i t y  condi t ions  can be determined from t h e  hea t  and mois ture  
f l u x  froln ground o r  s e a .  r,Teaswerr,ent of f r e e z i n g  n u c l e i  and gianr; 
condensat ion nuc le i  concent ra t ion  and t h e i r  v e r t i c a l  v a r i a t i o n  over 
t h e  r e r i o n  w i l l  i n d i c a t e  t h e  e f f e c t  t h e  seeding w i l l  have i n  rnodif;j-Lng 
cloud drop-si 7,e d i s t r i t u t i o n .  Bieasurement of u p d r a f t  r a t e  below cloud 
and i n  t h e  core  w i l l  i n d i c a t e  t h e  ope ra t ion  of co l l i s ion-coa lescence  
meci-:~nis~i jn  y r e c i > i t a t i o n  grctrt;h. 

The e::rcrirrerlt i n  Tlecare (l 'exico) has  l a s t e d  over 15  yea r s  (34, 2 5 ,  
7kie rirc,t  few y e a r s '  expcrirrents were done from a i r c r a f t .  Since 1'355 
seeding has been done wi th  ground-based s i l v e r  i od ide  gene ra to r s  a]? a 
r n i ~ i l o ~ ~ i z e d  b a s i s .  

:;ecCing ira.; fouzd t o  have no s i g n i f i c a n t  e f f e c t  f o r  t hose  days 
wlietl t h e r e  xiere rriore t han  29 ro; of r z i ~ f a l l ,  bu t  days wi th  d a i l y  r<.iin- 
fall a~ our:ts b c l o ~ i  20 rn sl~oti consic!ernble i r icrease i n  prec ip i ta t ro i :  
i i i t h  ro spec t  t o  ur,seccled dnvs wi th in  t h e  salne l i m i t  ( ~ i $ .  4.11). 3 i s  
r e q u i r e s  onp t o  s t u a t i l ; ~  r a i n f a l l  d a t a  f o r  t h e  purpose of e v a l u a t i c r  
of r e s u l t s ,  and orie sllould be a b l e  t o  pre i i ic t  t hose  days wi th  chances 
of r a j n f n l l  of l c s s  than  2n vr t o  c o n t r o l  t h e  seedin? ope ra t ion .  

b:il,h d i s tu rbances  of t l ~  t r a d e  wind, t h e  c o n t r o l  a r e a  was s o r r e t i ~ e s  
af'rected by t h e  scedinp i i l t e~ ided  f o r  t h e  t a r r e t ;  t h e  orogrzphy of i,ke 
r e f i o n  rc r lu i res  .i:jnd observat;ons a t  c l o s e  i n t e r v a l s  bo th  s u r f a c e  and 
a l o f t .  Radar ~ P s c r v s t i o r i s  of n r e c i n i t a t i o l i  growt11 i n  t a r g e t  and con- 
t r o l  srould perba7s inr:icate t h e  r e s u l t s  of seeding i n  a  b e t t e r  way i n  
t l i i s  type of exj7erimcnt than  depending upon ra ingage  d a t a  a lone .  

4.2.7 Peru 

An e.x~erir  cn t  i11 t h e  Alides of nor thern  Peru was conducted f o r  i ?  
yea r s  b e ~ i n n i n , r  i n  1051 xrjth ground-based s i - l ve r  i o d i d e  gene ra to r s  ( 3 ) .  
r 7  his r ez ion  i s  under t l e  i n f luence  of p r e v a i l i n g  e a s t e r l i e s  t h a t  brir;, 
t r o y i c a l  a i r  ac ros s  t h e  Andes frorr t h e  Rnla,zon Sas in .  Weather chan,es 
a r e  prir?::rily a s s o c i z t e d  w i t 1 1  ~ o v a m e n t s  of t h e  i n t e r t r o p i c a l  convey- 
eencc zonc, e a r t c r l y  s avcs  and an occas iona l  p o l a r  t rough.  The se?sonaL  
in f luence  a ~ d  o ro f r ap i~y  a l s o  n l ay  a  mart on t h e  P a c i f i c  s i d e .  An i c v e r -  
s i o n  i s  ~ a i n t a i n e d  t?-irouyhout t k e  year  over t h e  ad jacent  ocean by t h e  
co ld  water  of iiurlboidt Curren t ,  which i n  cor ,binat ion with t h e  dowri slcl;? 
~ o t l o n  of t h e  preva i l  in&- e a s t e r l i e s  main ta ins  d e s e r t  cond i t i ons  over 
t h c  e n t i r e  coas t  l i n e .  A d i u r n a l  t i d e  under t h e  in f luence  of strorcr 
d a y t i ~ e  h e a t i n c  c a r r i e s  t h e  rnoist rearine a i r  i n l and  from t h e  P a c i f i c  
beneath t k e  inve r s?  on, 1:xcrpt d u r i n r  w i n t e r ,  t h i s  t i d e  produces 
c loudiness  over t h e  h i @  sloj7es v e s t  of ',he d iv ide  and, f lowing ac ros s  
t h e  d iv ide  and i n t o  t h e  v a l l e y  t o  thc e a s t ,  i n f luences  convect ive 
c loudiness  i n  t h e  over ly ing  e q u a t o r i a l  a i r ,  The c o q l e x  i n t e r a c t i o n s  
be t~ reen  e q u a t o r i a l  a i r  from t h e  Basin and t h e  P a c i f i c  marine 
l a y e r  c o n t r o l  tFa  r a i n f a l l  over t h i s  reg ion .  



200-299mm/dov 

," 

- SEEDED 

...... UNSEEDED 

CONTROL AREA CONTROL AREA 

Fip, 4 .4 .  Analysis  by c l a s s e s  of  r a i n f a l l  m o u n t s  f o r  t h e  two t a r g e t  
s e c t i o n s  i n  Necaxa. S t r a t i f i c a t i o n  of r a i n f a l l  d a t a  according 
t o  t h e  d a i l y  amount nay sometiroes be i n d i c a t i v e  of e f f e c t i v e -  
ness  of seeding o r  otherwise a s  i n  t h e  case  of llelrican 
experinlent. Seedine indicated p o s i t i v e  r e s u l t s  f o r  days 
wi th  r a i n  moun t  l e s s  than 20 mm pe r  day, vhereas  f o r  days 
wi th  h igher  r a i n f a l l  m o u n t ,  t h e r e  w a s  no s i ~ n i f i c a n t  e f f e c t ,  

T o t a l  percentage inc rease  o r  decrease  f o r  t h e  grouFs ( l e s s  
t h a n  20 mc, per  day and more than  20 mm per  day)  a r e  shown 
on t h e  t o p  of  each diagraT (214). 



The complexity of meteoro logica l  condi t ions  i n d i c a t e s  t h a t  t h e  
s i t e  was not  i d e a l  f o r  conducting c o n t r o l l e d  experiments on weather 
modi f ica t ion .  The s i t u a t i o n  could perhaps be improved by a number 
of soundings a t  c l o s e  intervals of 1 5  lim o r  so wi th  ex t ens ive  obser- 
v a t i o n s  on cloud developvent and wind p r o f i l e s .  This  should be 
supplemented by r a d a r  observa t ions  t o  f a c i l i t a t e  eva lua t ion  of t h e  
r e s u l t s .  

Xxperiments a t  Fledellin,  Colombia were i n i t i a t e d  because of a 
g r e a t  demand f o r  hydroe lec t r i c  power and po tab le  water  (13 ) .  S i l v e r  
i od jde  seeding w a s  chosen becEuse a p r e l i ~ i n a r y  s tudy  showed t h a t  dry 
season p r e c i p i t a t i o n  on t h e  c i t y ' s  watershed coves p r i n c i p a l l y   fro^ 
daytirre convect ive clouds t h a t  sho-c~cred only  a f t e r  su rpas s ine  t h e  
f r e e z i n p  l e v e l .  CenerzL r e s u l t s  i nd ica t ed  r a i n  i nc reases  of 20 t o  
110 pe rcen t .  

4.2.9 Ganta Trarta,, Colorbia  

Cloud seeding ~ r a s  undertaken i n  t h e  Sarlta I'Tarta banana p l a n t a t i o n  
of Colonbia t o  reeuce dnr-af;es due t o  trjndstorrrs ( 1 4 ) .  The h:rpotliesis 
was t h a t  s t i ~ ~ u l a t i o n  of shovers  e a r l y  i n  t h e  d i u r n a l  build-up of 
i n s t a b i l i t y  would d i s s i p a t e  some of  t h e  i r i s tn ,b i l i t y  and reduce inso-  
l a t i o n  a t  t h e  ground, t hus  d i ~ i n i   shin^ the i n t cn  s i t y  of convect ive 
over turn ing  l a t e r  i n  t h e  day. Co~rparison of danaces dur ing  the sccdcd 
seasons wi th  those  of prece&in@ and sul~sequent  seasons i n d i c a t e d  
rilarked r educ t ion  i n  t h e  r a t i o  ol" severe  iirindstorr t o  mild ones 
dur ing  t h e  campaign. 

The very  complex na tu re  of c l i r ra to10~-y  and l o c a ,  weather of t h e s e  
two r eg ions  of Colonbia,  and tPe  topoeranhy o f  t h e  p l aces  demand a 
dense soundinc network and v i s u a l  and photopraphic observa t ions  on 
cloud developnent over  t h e  r eg ion  f o r  any weather  modi f ica t ion  
program. 

4.2.10 Puer to  Armuelles, Panana 

A cloud seeding progran, was a l s o  undertaken i n  Panama (16)  i n  
1959 t o  reduce t h e  damapes caused by hiph winds. 

It w a s  observed t h a t  t h e  b a s i c  f a c t o r  f o r  hiph winds i n  t h i s  
r e c i o n  w a s  t h e  r a p i d  grovth  t h a t  occurs  i n  bo th  v e r t i c a l  and hori7,ontal  
of cumulus type  cloud.  The p r i n c i p l e  involved t o  suppress  t h e  h i ~ h  
windstorns i s  based on t h e  f a c t  t h a t  v e r t i c a l  growth i s  reta.rded when- 
ever  t h e  t o p s  of growing cumulus clouds spread  o r  f l a r e  ou t .  This  
f l a r i n g  a c t i o n  i s  caused by t h e  forrrat ion of i c e  c r y s t a l s  i n  t h e  
upper reg ion .  Cloud. seeding can a s s i s t  i n  t h e  formation of t l iese 
i c e  c r y s t a l s  at warmer te~r ipera tures ,  i. e . ,  at lower a l t i t u d e s .  



I-ho d e f i n i t e  conclusion has been drawn from one year" experiment 
elthough some i n t e r e s t i n g  t r ends  have been shown. 

The weather of t h i s  region  i s  determined p r imar i ly  by t h e  p o s i t i o n  
af %he i n t e r t r o p i c a l  convergence zone. Dry season (~ecember  t o  gay)  
Lepins when ITC moves south of t h e  a rea .  Winds a l o f t  a r e  then north- 
e a s t e r l y  o r  no r the r ly  flowing down s lope  o f f  t h e  mountains wi th  t h e i r  
warmer, d r i e r  a i r .  The s t rong  t r a d e  invers ion  a l o f t  p r o h i b i t s  most 
cloud development above it. With t h e  northward movement of t h e  sun i n  
early Narch more in t ense  hea t ing  f o r  convection occurs and, i f  t h e  t r a d e  
wind Lnversion i s  weak, clouds b u i l d  through it. I f  t h e  nor thwes te r l i e s  
have decreased speed and t h e r e  a r e  l i g h t e r  winds a l o f t ,  t h e  clouds 
develop t o  a he ight  i n  one spot  without being blown away. The con- 
-?ect ion is' t h e  major process involved i n  severe storm development 
:luring d ry  seasons although orographic l i f t i n g  does s t a r t  t h e  cumulus 
development i n  t h i s  a rea .  

Rainy season s t a r t s  wi th  northward movement of t h e  sun when ITCZ 
rcoves- northward. This zone, about 100 mi les  wide, i s  t h e  cause of 
nos t  of t h e  r a i n f a l l  i n  Panama during t h e  r a iny  season - May t o  
2eceirber- The i n t e n s i t y  of t h e  sun ' s  hea t  i s  a t  i t s  peak during 
the  wet season, bu t  d a i l y  occurrence of clouds c u t s  down t h e  amount 
cf heat ing  t h e  e a r t h ' s  su r face  rece ives .  I n  add i t ion ,  vegeta t ion  
cover and a cooler  e a r t h  caused by f requent  r a i n  reduces t h e  atmos- 
3heri.c i n s t a b i l i t y .  However, t h e s e  e f f e c t s  a r e  o f f s e t  by convergence 
%n t h e  I T C Z ,  t h e  g r e a t e r  moisture supply i n  t h e  lower l a y e r ,  and a 
s h i f t  t o  a sea  breeze making orographic l i f t i n g  p lay  a major r o l e  
i n  e a r l y  cumulus growth. The wet season genera l ly  produces milder  
storas b u t ,  when a severe storm does occur,  it i s  more widespread 
and t h e  des t ruc t fon  p o t e n t i a l  covers a l a r g e r  a rea .  

The a d d i t i o n a l  measurements o the r  than  genera l  meteorological  
observat ions  t h a t  were c a r r i e d  out during t h e  experiments involved 
pkotci;raphic and rada r  observat ions toge the r  wi th  bal loon and surface  
xees~rernents  on winds and t h e  e l e c t r i c a l  f i e l d  s t r e n g t h  measurements 
z V t  -v-arious po in t s .  Wind nieasurements a r e  perhaps of more importance 
Zn s- experiment of t h i s  type wi th  soundings a t  c l o s e r  spacing,  

4 - 2 - 1 1  Puerto Rico 

&!ore r e c e n t l y  experiments have been conducted i n  southern Puerto 
.".. - 
-ice, Seeding has been done simultaneously f r o n  t h e  ground by s i l v e r  
:odid? genera tors  and pyrotechnic f l a r e s  and a l s o  from a i r c r a f t  flying 
..eI..o-~ cloud base d i spe r s ing  f i n e l y  powdered s a l t .  The r a t i o n a l e  of 
= o t h  seeding methods has been explained by Howell ( l o ) ,  Except f o r  
local ;reether e f f e c t s  due t o  topography, condi t ions  and requiremen-ks 
zre L~8ilch t h e  same a s  i n  any o the r  t r o p i c a l  i s l a n d  experiment. 



4.2.12 S tomfury  

The most comprehensive observat ions t o  da te  of seeding of i n d i v i d ~ s l  
supercooled t r o p i c a l  cun._ulus clouds were made by P r o j e c t  Stormfury over 
t h e  Caribbean i n  1963 and 1965. Experiments of 1963, ( ~ i g .  4,5), sug- 
ges ted  t h a t  seeding s t imula ted  cloud ~ r o ~ r t h  by increased  buoyancy 
r e l e a s e  through t h e  f r eez inp  of supercooled >rater ( 1 5 ) .  I n  t h e  1.76: 
experiment t h e  approach was t o  f i n d  out what s i l v e r  iodide  seeding 
does t o  c m u l u s  under var ious  condi t ions ,  t o  develop a podel t o  
p r e d i c t  with f a i r  s k i l l  t h e  amount of grov-th and t h e  condi t ions  
requi red  f o r  it, and t o  run t h e  n ~ m e r i c a l  model with adequate t ech -  
nology i n  r e a l  time so t h a t  s e e d a b i l i t y  could be p red ic t ed  i n  advance 
of undertaking a seeding opera t ion  (26, 27, 28 ) . From t h e  beginnins ,  
arrangements were made t o  conduct s t u d i e s  before  and a f t e r  seeding 
by rada r ,  photography and m u l t i a i r c r a f t  pene t ra t ions  through t h e  
seeded cloud and environment, Improved liquid-water content  measure- 
ments, soundings of t h e  cloud environment i n  c lose  proximity t o  t h e  
t r e a t e d  cloud, ex tens ive  measurements of cloud base ,  s t i l l  and not ion  
p i c t u r e s ,  and photographs of many rada r  scopes were some of t h e  bas i c  
improvements i n  1965 experiments. The radar  and photographic s t u d i e s  
were t h e  main t o o l s  f o r  observing developments i n  seeded and contrrcsl 
clouds,  The photographic s t u d i e s  were e s s e n t i a l  i n  understanding 
t h e  sequence of events  and i n  i n t e r p r e t i n g  t h e  r ada r  observat ions ,  

I n  t h e  a n a l y s i s  it was found t h a t  s i l v e r  iodide  seeding does 
inc rease  t h e  v e r t i c a l  grolsth of t r o p i c a l  cumuli under s p e c i f i a b l e  
meteorological  condi t ions .  The ana lys i s  of d a t a  compiled on clouc? 
liquid-water con ten t ,  volume median drop-size, temperature p r o f i l e s  
i n  cloud and t h e  dynamic l i f e  h i s t o r y  of seeded and unseeded clouds 
a l s o  suggested t h a t  n a t u r a l  g l a c i a t i o n  does not  proceed r a p i d l y  enough 
i n  t h e  c r i t i c a l  cloud updraf t  a reas  t o  s p o i l  t h e  e f fec t iveness  of 
s i l v e r  iodide  i n  modifying t r o p i c a l  maritime cumuli ( 2 3 ) .  

The water content  of cloud groups, compared t o  mean t r o p i c a l  
va lues ,  i nd ica ted  more moisture i n  t h e  lower and middle por t ions  o r  
t h e  clouds t h a t  had l a r g e  subsequent growth. Therefore,  t h e  m o i s t u ~ e  
contents  of t h e  lower and middle cloud l a y e r s  were suggested a s  e a s l i y  
measured environmental c r i t e r i a  t h a t  may enable p red ic t ion  i n  adva?=e 
of seeding e f f e c t s  upon a kiven f i e l d  of clouds. 

One of t h e  important outcomes of P ro jec t  Stormfury i s  t h e  model 
f o r  t r o p i c a l  maxitime c m u l i  t h a t  has been developed, I t  p r e d i c t s  
[I?ig, 4 ,6 )  wi th  f a i r  s k i l l  t h e  amount of growth poss ib le  through 
seeding and t h e  condi t ions  requi red  f o r  it. It could be run i n  re:: 
t ime.  It s u f f e r s  from t h e  drawback t h a t  s e e d a b i l i t y  cannot be 
expressed a s  a funct ion  of ambient condi t ions  only,  but  r e q u i r e s  -L1:t._ 
h o r i z o n t a l  dimension of t h e  cloud tower i n  order  t o  p resc r ibe  t h e  
entrainment r a t e  of environmental a i r ,  



F i g ,  4.5.  Explosive g ro r th  of a t r o 2 i c a l  cur;lulus following s i l v e r  iodide  
seeding. P ro jec t  Stormfury observations on 20 August 1963. 
F i r s t  p i c t u r e  a t  time of seeding; second, 9 minutes l a t e r ;  
t h i r d ,  19 minutes l a t e r ;  and t h e  l a s t ,  30 ~ i n u t e s  a f t e r  
seeding (15 ) . 



SEE DABlLlTY (PREDICTED) 

Seeding Effec t  and Predic ted  Seedab i l i ty  

Fig. 4.6. The seeding e f f e c t s  on some of t h e  cloud parameters can be well 
predic ted  by numerical nodels ,  a t  l e a s t  f o r  clouds of s ~ a l l e r  
dimension; a s  seen i n  t h e  above i l l u s t r a t i o n  from Storolfwy 
experiment, 1065, on the  dynzmics of cloud. Seeding e f f e c t  
i s  the  d i f fe rence  between observed cloud top  of seeded cloud 
minus predic ted  top  of the  sane cloud i f  unseeded, while 
s e e d a b i l i t y  i s  t h e  d i f fe rence  between predic ted  seeded and 
unseeded top  of t h e  same cloud. The numbers r e f e r  t o  t h e  
cases of seeded and unseeded cloud, Heavy dashed l i n e  
r ep resen t s  pe r fec t  p r e d i c t a b i l i t y  f o r  seeded clouds,  i . e , ,  
zero seeding e f f e c t  independent of s e e d a b i l i t y  (28).  



Dynamic models r equ i re  rare r e a l i s t i c  t reatment of' hydrometeor 
growth. They w i l l  l i k e l y  r equ i re  i rproved measurement f a c i l i t i e s ,  
including frequent  whole tropospheric soundinky c lose  t o  t h e  clouds 
an2 accura te  measurexent of water content ,  hydrometeor cha rac te r  
and s i z e  spec t ra ,  and v e r t i c a l  not ions  wi th in  clouds. A c a l i b r a t e d  
weather radar  i s  requi red  f o r  g iv ing echo s i z e  and height  along wi th  
~ r e c i p i t a t i o n  s t r u c t u r e  within clouds and t h a t  reaching ground, so 
Xhat hydrometeor growth and f a l l  out  can be introduced i n  t h e  
dynami. c model. 

b.3 Conclusions 

Considerable knowledge has been gained from t r o p i c a l  weather 
modii"ication experiments, which have ranged from s t r a y  at tempts a t  
rainmiking t o  t h e  comprehensive approach t o  understand t h e  e f fec t s  
expected from cloud seeding under s p e c i f i a b l e  condit ions.  It has 
been apparent from t h e  experiments conducted i n  t h e  t r o p i c s  t h a t  t h e  
climatology, l o c a l  weather, and topography, together  wi th  t h e  need of 
a p a r t i c u l a r  region,  vary widely. The ~ o s t  s u i t a b l e  seeding mate r i a l ,  
%he technique of seeding and the  requi red  measurecents of meteorologi- 
cal and microphysical parameters d i f f e r  a l s o  from region t o  region. 

Although l a r g e  s c a l e  weather systems cannot be ignored, t h e  
Kesoseale systems apparently p lay  the  major r o l e  i n  t h e  development 
of  convective clouds and p r e c i p i t a t i o n  i n  t h e  t r o p i c s .  Although t h e  
clouds sometimes occur a t  random, t h e  mesoscale systems a r e  present  
and it i s  des i rab le  t h a t  we monitor them. 

In t h e  above l i -ght ,  t h e  fol-lowing measurements w i l l  l i k e l y  be 
of primary importance i n  t h e  t r o p i c s  genera l ly :  

A .  Soundings of t h e  whole troposphere i n  c lose  spacing of 
15  km o r  s o  and at shor t  time i n t e r v a l s  (say  once every 
3 hr) covering t h e  whole period of experiment. The 
sound.ing i s  expected t o  g ive  ( 1 )  temperature along t h e  
v e r t i c a l  wi th  a r e so lu t ion  of 100 m and a,ccuracy of 
to. 5 C ,  ( 2 )  humidity i n  d i f f e r e n t  l a y e r s ;  and ( 3 )  winds 
a l o f t  . 

E, Observations on Clouds: This includes ( 1 )  cloud type 
and anount, ( 2 )  height  of cloud base and t o p  along with 
hor izon ta l  dimensions, ( 3 )  temperature of cloud base 
and tops  wi th  l apse  r a t e  i n s i d e  t h e  cloud and, (4) growth 
r a t e  i n  hor izon ta l  and v e r t i c a l  d i ~ e n s i o n .  The present  
techniques f o r  observing these  include v i s u a l  observa- 
t i o n s ,  r ada r  observations,  s a t e l l i t e  p i c t u r e s ,  s t i l l  and 
moving photographs, sounding through the  clouds,  and 
instrumented a i r c r a f t  observations.  



C.  Measurements of g ian t  s a l t  nucle i  and f reezing nucle i  
at concentrat ions as low as  0.01 per l i t r e .  

A number of ground and airborne techniques a r e  ava i l ab le  a t  
present  for  these  measurements. 

I n  addi t ion  t o  these ,  t h e  following measurements w i l l  a l s o  be 
required  depending upon t h e  region and t h e  technique of t h e  
experiments . 

1. Flux of heat  and moisture from ground o r  sea ,  measurable 
i n  0.1 c a l  c ~ ' ~  min'l . 

2. Thernal u ~ d r a f t s  near t h e  ground with accuracy of 50.2 m 
sec-I , and updraft  below t h e  cloud base and a t  d i f f e r e n t  
l e v e l s  i n s i d e  t h e  cloud with accuracy of 21 m/sec. 

3 .  Cloud p a r t i c l e  s i z e  spectrum depending upon t h e  region 
and t h e  type of cloud concerned. 

4. P r e c i p i t a t i o n  r a t e  (o r  i t s  equivalent radar  r e f l e c t i v i t y )  
with t o t a l  amount and form of p r e c i p i t a t i o n  and cloud 
l i q u i d  water content .  

5. E l e c t r i c a l  a c t i v i t y  such as f i e l d  s t r eng th ,  space charge 
and t h e  s f e r i c s  observations. 

The p r i n c i p a l  measure~en t s  required a r e  shown f u r t h e r  i n  s impl i f ied  
and grouped form i n  t h e  t a b l e  following. 
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5. FfODIFICATION OF TROPICAL HURRICANES 

5.1 Introduction 

Few investigators have proposed means of reducing the severity 
of hurricanes.* The tropical hurricane, which is an extremely complex 
meteorological phenomenon with gigantic scale and destruction power, 
is one of man's dangerous natural enemies (Fig. 5.1). Until recently, 
attempts at mitigating the vast destructiveness of these storms were 
based on conjecture, but research on hurricanes has been intensified 
and as a result many of their principal features are now partially 
understood. 

Hurricane damage increases roughly as the square of the highest 
sustained winds. A 10% reduction in wind speed should perhaps reduce 
the destruction by roughly 20 percent. Considering that a billion 
dollars' damage can be caused by one large hurricane, it is worthwhile 
to spend on hurricane experiments although it is costly in terns o f  
trained manpower and equipment. 

Review of Experiments 

The first known attempt at weather modification in a hurricane 
occurred in 1947 with the experiments conducted in a small hurricane 
using dry ice by Project Cirrus (5), (7). It was difficult to evaluate 
the results as no facilities were available to monitor changes in&eir- 
culation or cloud structure. (Shortly after seeding the storm abru~tly 
reversed its course and 54 hours later moved into Georgia where it 
caused considerable damage. This implies that precautions must be 
taken to experiment only with storms that cannot conceivably strike 
land within a reasonable time. ) 

At present, experiments are being conducted on hurricanes by an 
inter-agency program of the U. S. Government called Project Stormfury, 
The two main participants are the U. S. Navy and the Environmental 
Science Service Administration (ESSA). So far seeding experiments 
have been carried out on three hurricanes, Esther in 1961 (g), (3); 
Beulah in 1963 (lo), (ll), (3) ; and Debbie in 1969 (4). The results 
are encouraging but inconclusive; the observed changes following 
seeding being small. The main reason for the inconclusive results 
in hurricane experimentation is the very large natural fluctuations 
that these storms undergo. Since hurricanes can develop, weaken, or 
entirely reverse course in six hours, the consequences of man-made 
alterations are very difficult to isolate. 

*In this chapter, the term "hurricane1' is used to describe 
tropical cyclones in general. 
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So f a r  attempts t o  reduce t he  sever i ty  of hurricanes involved 
seeding se lec t ive ly  i n  the  w a l l  cloud surrounding t he  eye ( ~ i g .  5.21, 
allowing t he  strong winds t o  ca r ry  a dense sheet of s i l v e r  iodide c q s -  
tals  introduced j u s t  upwind of t he  most in tense  convection around the 
center of t he  storm. The pr inc ipa l  assumptions f o r  t he  s i l v e r  iodide 
t o  work a r e  - t h a t  l a rge  amounts of supercooled l i qu id  water e x i s t s  i n  
t h e  hurricane cloud which does not na tura l ly  become converted i n t o  i c e ,  
(~easurements  a r e  required t o  confirm t h i s .  ) Once t he  supercooled 
drops a r e  frozen as a consequence of seeding t he  i c e  c ry s t a l s  a r e  
exported by t h e  storm outflow. A t  t h e  upper boundary of t h e  storm 
ne:r t he  tropopause t he  pressure surfaces a r e  approximately l eve l ,  
i . e . ,  inward pressure gradients i n  t he  storm a r e  produced by r e l a t i v e  
warming i n  t h e  troposphere. The wind speed decreases outward from 
t h e  center rapidly  enough so t h a t  i f  a r ing  of air i s  given an i n i t i a l  
push outward, it may be expected to continue accelera t ing outward 
despi te  higher pressure towards which it moves, I f  these  conditions 
a r e  met, then t h e  l a t e n t  heat re lease  by seeding may correspond t o  a 
pressure f a l l  (of about 6 mb) i n  t h e  eye w a l l  region,  thus reducing t he  
slope of t h e  surface pressure p r o f i l e  c loser  t o  t he  center ( ~ i ~ .  5.3). 
I f  t h e  gradient  i s  weakened as described, t he  previous eye wall  would 
d i s s ipa t e  and reform fur ther  out .  Consequently the  main ascent of a i r  
would occur a t  a greater  radius and winds may not penetra te  t he  storm 
core any more than they do i n  weaker t r o p i c a l  storms. Thus, perhaps, 
t he  winds w i l l  not a t t a i n  such high speed as before t he  modification 
occurred. It has not ye t  been poss ible  t o  predic t  t he  dis tance the  
eye w a l l  clouds would move outward, nor t he  consequent amount of wind 
speed reduction and a l so  whether or  how soon a hurricane might regain 
i t s  equilibrium a f t e r  seeding e f f ec t s .  

I n  some new programs of hurricane modification emphasis has 
turned t o  seeding hurricane rainbands away from eye wall.  The idea  
has emerged from recent s tudies  with mesoscale numerical models 
( 8  (1). These have indicated t h a t  proper seeding of clouds i n  
l a rge  convection c e l l s  i n  the  hurricane rainbands may a l t e r  the  
c i rcu la t ion  i n  the  eye wall.  The increased convection due t o  
seeding would d iver t  a port ion of t he  inflowing a i r  upward before 
it reached t he  eye wal l ,  which would produce a reduction of surface 
wind speed from angular momentum pr inciple .  The addi t ional  vapor 
needed t o  feed t h i s  convection would be obtained a t  the  expense of 
t he  eye wall  clouds, which might fu r ther  reduce the  i n t ens i t y  of eye 
w a l l  c i rcu la t ion .  A simulated rainband seeding experiment has indi-  
cated fu r the r  t h a t ,  i f  the  source of water vapor i s  t he  middle tropo- 
sphere, these  i s  very l i t t l e  e f f ec t  on zye wall  c i rcu la t ion  but ,  i f  
t he  vapor source i s  the  boundary layer ,  seeding can reduce t he  eye 
wall  c i rcu la t ion  by 40%. Maximum e f f ec t  i s  expected when t he  rainband 
clouds could be stimulated t o  grow'to t he  main hurricane outflow region 
(13 t o  15 km) and t he  cloud c i rcu la t ion  extends down t o  surface boundary, 
a s  t h a t  would d iver t  inflow and a l so  deplete vapor avai lable  t o  t he  
eye wall .  
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These numerical experiments have brought t o  l i g h t  t he  in te rac t ion  
of t h e  l a rge  convection c e l l s  embedded i n  t he  rainbands t o  t he  t o t a l  
hurricane c i rcu la t ion  and t h e i r  react ion t o  seeding by s i l v e r  iodide. 
1402-e and more a t t en t ion  i s  being given t o  numerically simulating t he  
rainband clouds and performing seeding experiments on the  numerical 
models i n  order t o  understand c ruc ia l  e f f ec t s  of seeding on t he  
hurricane rainbands. 

Proper i den t i f i c a t i on  of rainbands from s a t e l l i t e  and radar 
observation and measurements of moisture in f lux  a t  low l eve l s  may 
be t he  primary observational  needs i f  t h i s  'type of experiment moves 
from the  t heo re t i c a l  phase t o  actual  experiments i n  the  atmosphere. 

5.3 Other Suggested Techniques 

Recently another hypothesis has been put forward ( 2 ) ,  whereby the  
production of i c e  phase p rec ip i ta t ion  by proper cloud seeding provides 
a way of reducing thermal energy i n  t he  in f lux  a i r  of a hurricane. 

The pr inc ip le  i s  t h a t  when prec ip i ta t ion  elements develop (by 
csndensation-coalescence or  freezing ) i n  cloud and descend, they niay 
be thought of a s  carrying nezative heat i n  a l a t e n t  form. The phase 
change of t h e  elements during the  descent allows t he  l a t e n t  form of 
keat t o  come out as  net negative heat and t he  consequent cooling lowers 
the heat energy content i n  the  envirom~ent.  As a r e s u l t ,  t he  in f lux  
a i r  t o  hurricane i s  forced t o  carry  lower thermal energy which l a t e r  
reduce t he  heating when clouds form near eye w a l l  with consequent 
reduction i n  wind speed ( ~ i g .  5.4).  

The seeding ( t h a t  properly develops i c e  phase p rec ip i ta t ion  elements 
t h a t  f a l l s  ou t )  can be applied t o  clouds or  rainband o r  wherever su i t -  
ab le  supercooled clouds ex i s t  outside the  eye wall .  Since t he  purpose 
i s  t o  develop prec ip i ta t ion  elements, seeding mater ia l  required w i l l  be 
much l e s s  than t h a t  required fo r  excessive heating of clouds. 

A number of other ideas have been proposed f o r  reducing t he  sever i ty  
of hurricanes. One t ha t  has come from ear ly  Tiros s a t e l l i t e  f indings 
with in f ra red  rad ia t ion  sensors, t h a t  t he  f luxes  of long wave rad ia t ion  
emitted i n  outward space from hurricane and typhoon cloud systems were 
much l a rge r  than had been ant ic ipated.  The idea i s  t o  t r a p  t h i s  radia- 
Lion i n  the  high troposphere. The tropopause would become warmer and 
lower, which would reduce the  sever i ty  of t h e  storm. This i s  proposed 
to be done with l a rge  number of small p l a s t i c  bubbles of several  micron 
diameter impregnated with material  having se lec t ive  absorption of radia- 
t i on  i n  t he  in f ra red  range corresponding t o  t he  mean rad ia t ing  temperature 
of t he  hurricane cloud system. These, when introduced a t  t h e  top of t he  
storm s t r a t e g i c a l l y  t o  maintain t h e i r  posi t ion r e l a t i v e  t o  t h e  moving 
center ,  w i l l  contribute t o  a progressive warming of t h e  l ayer  thereby 
3.ossering t he  tropopause height. 
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Another approach i s  reduction of abnormally l a rge  f luxes  of l a t e n t  
heat from the  sea t o  t he  inward s p i r a l l i n g  a i r  current  of t he  t r o p i c a l  
storm, which i s  t h e  main source of energy f o r  t he  development of pressure 
gradient  necessary t o  sus ta in  hurricane force  winds. It i s  suggested 
t h a t  t h i s  could be done by widespread appl icat ion of irrmiscible f l u i d s  
t o  the  surface water near the  coas t l ine  which, when applied t o  a water 
surface spread out i n  monomolecular layer  and strongly i nh ib i t  evapora- 
t i on ,  In  both of these  approaches, radiometric measurements of heat 
and moisture f l ux  from surface would be the  primary requirement. 

5,4 Conclusion 

The observational  and monitoring req.uirenents i n  a hurricane experi- 
ment a r e  enormous. The precis ion maneuvering of numerous spec ia l ly  
equipped a i r c r a f t  c a l l s  f o r  coordination by radar.  The task  i s  accomp- 
l i shed  by a f l i g h t  con t ro l le r  on board one of t h e  radar-equipped planes 
from which t he  other a i r c r a f t  a r e  guided along prescribed f l i g h t  paths 
with respect  t o  the  moving eye of t he  storm. The de ta i l ed  measurements 
of the  core s t ruc ture  a r e  made by a i r c r a f t  from several  hours before 
seeding t o  several  hours a f t e r  seeding a t  d i f fe ren t  a l t i t udes .  The 
basic measurements made a r e  wind speed, air pressure,  temperature, 
humidity, l i qu id  water content ,  number of f reezing nuclei  and cloud 
s t ruc ture  a t  l eve l s  up t o  60,000 f t  i n  the  core and periphery. Special  
law-level cloud and rainband observations a r e  done with lower a l t i t u d e  
f l igkits ,  A i r  pressures near t he  eye of t he  storm a r e  obtained by 
dropping instruments from another a i r c r a f t  c i r c l i ng  t h e  eye wall.  The 
changing cloud pa t te rns  a r e  photographed from above and a l so  observed 
through s a t e l l i t e  p ic tures .  

Attempts t o  modify hurricanes a r e  jus t  beginning. Present day 
tkeory and models can predic t  only the  a r t i f i c i a l  percentage change 
i n  t h e  pressure gradient  of t he  hurricane eye. The dynamic and 
thernriodynamic re la t ionships  i n  hurricanes a r e  not ye t  so wel l  under- 
stoocl, nor a r e  numerical or  laboratory models able  t o  simulate such 
experiments. Thus it has been f e l t  necessary f i r s t  t o  conduct care- 
f u l  measurements i n  fu l l - sca le  hurricane experiments and then t o  t e s t  
s t ep  by s tep  the  l i nk  t h a t  w i l l  lend i t s e l f  t o  evaluation by avai lable  
techniques. 

The experiment conducted so f a r  has revealed some of t h e  basic  
primary meteorological measurements required f o r  hurricane experiments 
and these a r e  sho~m i n  simplif ied and grouped form i n  t he  t a b l e  with 
ant ic ipated required accuracy, resolut ion,  frequency and spacing of 
observations. 
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6 .  CO??CLUSIONS AND SUfiDIARY 

I n  t he  above chapters we have considered t he  meteorological 
observations required t o  conduct and evaluate weather modification 
pro jec t s  i n  such diverse areas  a s  fog d i ss ipa t ion ,  r a i n f a l l  
increasing,  h a i l  suppression, and modification of hurricanes. 
Three f a c t s  have emerged from our considerations: 

1. Meteorological observations of c e r t a in  parameters such 
a s  temperature a r e  required f o r  all types of weather 
modification pro jec t s  and t he  spac ia l  resolut ion require- 
ments do not vary g r ea t l y  with t he  object ive  of t h e  
p ro jec t  . 

2. The observations required fo r  conduct and eva lua t ic r~  of 
weather modification programs a r e  i n  general those which, 
a r e  required for accurate forecast ing of the  meteoro- - 
l o g i c a l  phenomena being t rea ted .  

3. While most of the  requirements a r e  f o r  observations of 
fami l ia r  va r iab les ,  they go f a r  beyond what can be 
achieved with ex i s t ing  networks i n  terms of spacing 
and frequency of observa%ions. 

One a rea  i n  which t he  reouirements f o r  weather modification progrms 
d i f f e r  from those f o r  conventional forecast ing i s  i n  t he  increased 
emphasis upon condensation and i c e  nuclei  and t he  composition of clouds, 
A t  present a t t en t ion  t o  aerosols i s  increasing rap id ly  because of t h e i r  
r o l e  a s  a i r  pol lutants  so t h a t  devices t o  monitor them on a rout ine  basis 
a r e  being developed independently of weather modification a c t i v i t i e s ,  
However, such f ac to r s  as t he  r e l a t i v e  ice-water composition of clouds 
w i l l  not l i k e l y  be monitored by air pol lut ion s p e c i a l i s t s  and t he  
instrumentation w i l l  have t o  be developed by weather modification group, 

It i s  beyond t h e  scope of t h i s  repor t  t o  specify t h e  exact manner 
i n  which t he  various required observations w i l l  be acquired. The .reader 
may have noted t h a t  weather modification pioneers have visual ized t h e i r  
needs being met by "more of the  same", e.g, ,  by addi t ional  radiosonde 
s ta t ions .  It appears t o  us t h a t  the  frequent observations a t  c lose  
spacings required f o r  experiments on convective clouds i n  pa r t i cu l a r  
must be met by new approaches, i f  cos t s  a r e  t o  be kept within reason, 
I n  f a c t ,  some of the  requirements pose almost insuperable physical  prob- 
lems i f  solut ions  a r e  sought by conventional'means; f o r  example, how 
many sampling a i r c r a f t  can f l y  through a cloud without a l t e r i n g  i t s  
charac te r i s t i cs?  However, c a l l s  f d r  radiosonde s t a t i ons  a t  spacings of 
20 t o  50 lon w i l l  vanish i f  l i d a r  probes provide continuous monitoring 
of t he  temperature, humidity, and wind f i e l d s  i n  th ree  dimensions, and 
remote sensing may a l so  permit experimenters t o  keep t h e i r  t e s t  clouds 
i n t a c t  . 



There w i l l  be a requirement f o r  recording data,  say on magnetic 
tape, i n  formats su i tab le  f o r  d i r ec t  examination by computers. This 
w S l T  b e  especia l ly  important when computers a r e  brought i n t o  the  
decision loop (observations -t treatment -t observation) and real-time 
readouts a r e  required. 

With t he  rapid  development of weather s a t e l l i t e  technology and 
t?e increased sophis t ica t ion of such devices a s  weather report ing 
b;oys and the  ty ing together of the  various systems with land l i n e s  
and cen t ra l  computers, the  requirements fo r  weather modification 
observations may be met without any par t i cu la r  e f f o r t  from the  
weather modification groups. It i s  more l i k e l y ,  however, t h a t  t he  
1;~eeztFer modifiers with t h e i r  specia l  requirements w i l l  lead t he  way 
ir the  development of such systems. The U. S. Bureau of Reclamation 
i s  already tying together i t s  various f i e l d  p ro j ec t s  i n  t he  western 
U l i t e d  S ta tes  by land l i n e s  connected t o  a computer a t  Denver, 
Colorado. The introduction of weather s a t e l l i t e s  and cov~lunication 
s a t e l l i t e s  i n to  such a system would provide an extremely powerful 
means of co l lec t ing  and disseminating weather information. It i s  
d t f f i c u l t  t o  envision what the  system of 1980 w i l l  look l i k e ;  it i s  
only possible a t  t h i s  point t o  s t a t e  tha t  a d e f i n i t e  need ex i s t s  and 
is i s  almost c e r t a in  t h a t  l a rge  expenditures w i l l  be made over t he  
next decade t o  develop the  required hardware systems. 
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